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ABSTRACT
This dissertation follows the hybrid format as defined by the Office of
Graduate Studies at the University of New Mexico. The three chapters defined
herein were prepared as manuscripts to be submitted for publication in peer
reviewed journals in the field of Earth sciences. A version of chapter 1 was published
in Proceedings of the Integrated Ocean Drilling Program, 2017, Volume 41. Chapter
2 was submitted to Marine Geology in Feb 2020, and is under revision as of this
date. A version of chapter 3 will be submitted to the Journal of Geophysical
Research. In chapter 1, I was the lead researcher establishing a time-depth
relationship for Integrated Ocean Drilling Program (IODP) Expedition 341 Southern
Alaska Margin Sites U1420 and U1421 using high-resolution multichannel seismic,
core, and logging data. Results from the core-log-seismic integration significantly
contributed to Exp. 341 goals, particularly by providing a quantitative basis to relate
borehole observations and regional seismic-stratigraphic interpretations, and led to
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publications where I was a contributing coauthor in journals including Earth and
Planetary Science Letters, and Nature Communications. In Chapter 2 I led an
investigation of how the drainage morphology in the northern Gulf of Alaska relates
to glacial activity, faults, and large-scale mass movements. I present a multivariable
spatial analysis applied to measurements of channel and feature cross-profile
shapes, and in the text, the results are interpreted and evaluated with respect to
major near-surface geologic features and existing geophysical data. This analysis
highlights and quantifies the broad correspondence between ice sheet location and
U-shaped features here, and reveals a more focused shape influence attributable to
fault location and mass movements in comparison. In Chapter 3 the focus is on the
Bering Trough and Pamplona Zone fold-thrust belt. I present models of velocity,
porosity, and overpressure developed from the inversion of seismic refraction data
and integration of IODP Expedition 341 core-log data. The distribution of
overpressure in the Bering Trough region provides an example of climate-tectonic
feedback where rapid syntectonic sedimentation in parts of the Pamplona Zone foldthrust belt is linked to modulation of fault activity by mass redistribution, shelf-slope
migration, and slope instability. The text discusses the results in terms of the
structural-stratigraphic significance and the history of climate-driven mass
redistribution. Together these works help elucidate the effectiveness of glaciomarine
processes in forming and reforming the shelf-slope morphology, as well as provide
greater detail into competition and cooperation among glaciomarine, climate, and
tectonic processes.
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Chapter 1
Data report: core-log-seismic integration and time-depth relationships at IODP
Expedition 341 southern Alaska margin sites U1420 and U1421, Bering trough, Gulf
of Alaska
Author(s)
Wesley A. Clary1
Lindsay L. Worthington1
Angela L. Slagle2
Hugh Daigle3
1

Department of Earth and Planetary Sciences, University of New Mexico, 221 Yale
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3

Department of Petroleum and Geosystems Engineering, University of Texas at

Austin, 200 East Dean Keeton Street, Stop C0300, Austin Texas 78712-1585, USA.

ABSTRACT
We present a time-depth relationship for Integrated Ocean Drilling Program
(IODP) Expedition 341 Southern Alaska Margin Sites U1420 and U1421 using high
resolution multichannel seismic, core, and logging data. Calibrating and combining
core and logging data at each well site minimizes data gaps in physical properties
information. Remaining data gaps were interpolated using spline fitting in order to
provide continuous estimates of bulk density and compressional wave velocity for
the full drilled interval. We use the interpolated physical properties curves for bulk
density and compressional wave velocity at each well site to generate synthetic
seismic traces. At Site U1421, vertical seismic profiling (VSP) further constrained the
time-depth relationship, and was used to calibrate the velocity curve and provide
input for the initial velocity model during the tie. Finally, we matched simulated
1

reflectors in the synthetic trace with events in the nearby seismic traces and
established a time-depth relationship (TDR) at each site.

Introduction
A major goal of IODP Expedition 341 Southern Alaska Margin was
investigation of interrelationships between tectonic processes, paleoclimate, and
glacial activity. One of the primary expedition research questions focuses on if and
how large scale mass redistribution through rapid sedimentation or glacial advance
and retreat can alter the geometry of tectonic wedges in a temperate glaciated
margin (e.g., Berger et al., 2008; Worthington et al., 2010). High-resolution
sequence stratigraphic and structural studies of the offshore sedimentary record are
essential to establishing connections between tectonic deformation and glacial
processes. Developing accurate chronological relationships requires careful
calibration between seismic and well-derived data. Here, we focus on core-logseismic integration of IODP Sites U1420 and U1421 near the Bering Trough offshore
southeast Alaska. These sites (Fig. 1.1) sampled sediments of the Pamplona Fold
and Thrust Belt, which has accommodated shortening during Yakutat microplate
convergence with North America since about 25 Ma (Worthington et al., 2010).
Constraining the rate, amount, and distribution, of sedimentation is important
to evaluating regional hypotheses relating shelf development, tectonic activity, and
paleoclimate variations. Well and logging data from IODP Expedition 341 Southern
Alaska Margin provides important stratigraphic, physical properties, and age data
recorded in depth which facilitate development of a constrained stratigraphic model
that can be extended across the shelf if carefully integrated with local and regional
2

seismic surveys. The challenging drilling environment resulted in limited core
recovery due to large clasts and poorly consolidated material, and difficulty logging
mostly due to borehole instability (see the “Site U1420” and “Site U1421” chapters
[Jaeger et al., 2014b, 2014c]). These factors result in significant data gaps which
present challenges with core-log-seismic integration. We attempt to bridge data gaps
by using aggressively fitted splines in constrained intervals where data coverage did
not include significant gaps greater than about 25 m. In poorly constrained intervals,
with gaps as large as ~270 m, we apply spline fits with a higher smoothness
parameter (Silverman, 1985). The smoother splines typically fit the data less well in
constrained intervals but result in more conservative estimates of variability where
measurements are lacking. We used the continuous spline curves to generate
synthetic seismograms at the well site and matched the synthetic traces with high
resolution seismic survey EW0408 lines GOA 2503 and GOA 2505 according to
traditional well tie techniques (e.g., White, 1997; White and Simm, 2003). We used
these time-series and depth-series matches to develop the final TDR presented here
that can be used to improve the calibration of developing age models. This study
advances Expedition 341 scientific goals by providing a core, log, and seismic
constrained TDR for two sites on the southern Alaska shelf.

Methods and Materials
Physical Properties Data

IODP Expedition 341 collected core and logging data on the continental shelf
and slope at Sites U1420 and U1421 (Fig. 1.1). During drilling, the shipboard
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science party performed measurements of various physical properties at multiple
scales and resolutions. After the core came on deck, the whole-round core passed
through the special task multi-sensor logger (STMSL) where gamma ray attenuation
(GRA) bulk density and magnetic susceptibility measurements were collected. After
a period of temperature equilibration the core was passed through the whole-round
multi-sensor logger (WRMSL) which recorded GRA bulk density, magnetic
susceptibility, and compressional wave velocity (using the P-wave velocity logger
[PWL]). Natural gamma ray (NGR) measurements were taken before the splitting the
cores into working and archive halves. The archive half then passed through the
section half multi-sensor logger (SHMSL) where reflection spectroscopy, colorimetry,
magnetic susceptibility, and laser split-core surface analyses were performed. From
the working halves, point measurements of compressional wave velocity were taken
with the P-wave caliper (PWC) instrument and discrete samples were collected for
moisture and density (MAD) measurements, which consisted of bulk density, water
content, porosity, and grain density. This process is described in detail in the
“Methods” chapter of the proceedings report (Jaeger et al., 2014a), and is
schematically illustrated here (Fig. 1.2). Core recovery was hindered at both sites by
large clasts which jammed recovery equipment and resulted in 139.91m of
recovered core (14%) over the 1020.8 m interval at Site U1420 (see the “Site
U1420” chapter [Jaeger et al., 2014b]). At Site U1421 three holes were drilled, with
Hole U1421A reaching total penetration of 1432.4 m (driller’s sea floor depth 729.7
m), and total recovery from all holes at Site U1421 was ~176 m.
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Shipboard scientists deployed a wireline tool string at Sites U1420 and U1421
which included, common to both sites, natural gamma ray, sonic velocity and
resistivity tools (see the “Site U1420” and “Site U1421” chapters [Jaeger et al.,
2014b, 2014c]). As a result of concerns about borehole stability during logging, the
density tool with its radioactive source was not included in this tool string; thus, no
in-situ density measurements were made at Sites U1420 and U1421. The logged
interval, excluding the bottom-hole assembly, at Site U1420 was 89-288 m WMSF
due to borehole instability (see the “Site U1420” chapter [Jaeger et al., 2014b]). At
Site U1421 the logged interval was below the bottom-hole assembly at 92 m WMSF
and extended to 695 m WMSF. At U1421, we used VSP constraints from six stations
in the borehole to constrain the TDR between 1.278-1.641 s two-way travel time
(TWT) and 284.7-687 m WMSF (Table 1.1).
More details about core handling, logging data collection, and processing
methods as well as tool string and instrument technical data can be found in the
“Methods” chapter of the proceedings report (Jaeger et al., 2014a). Table 1.2
summarizes well data including location, and physical properties measurement
availability by source. Logging summaries and plots are shown in Fig. 1.3. Depth
scales and datums are described in the “Stratigraphic Correlation” section of the
methods report (Jaeger et al., 2014a). We approached the well tie process based on
the methods of White and Simm (2003) in a few steps, including the development of
initial velocity models, synthetic seismic generation, wavelet extraction, generation of
a new synthetic seismic trace and finally, conservative visual seismic-to-synthetic
matching.

5

Data Conditioning and Compilation
In general our strategy was to favor a log-centric approach to the data
conditioning for two reasons: 1) the core data seemed to be noisy and had more
outliers in comparison to the logging data, and 2) we expect the in-situ logged values
to be more consistent with conditions reflected in the seismic data than
measurements derived post-situ. Core-based and in-situ logging data may be
different for a number of reasons such as sampling rate, measurement depth of
investigation, datum mismatch, borehole and core irregularity, and coring practices
(e.g., Jaeger et al., 2014a; Daigle and Piña, 2016). For the purposes of this study,
we applied minimal or no specific corrections for such factors in preparing the data
compilations. Shipboard core-based measurements were collected in a variety of
methods including track-based sensors which measure properties of the whole or
split-core, by analysis of discrete volumetric samples, and by using point based
instruments. Instrument response functions, the effects of core recovery technique
(advanced piston coring [APC], extended core barrel [XCB], etc.), and a volumetric
based correction are discussed in Walczak et al., (2015). At IODP Sites U1418 and
U1417 the correction applied by Walczak et al. (2015) corrected for sediment
compaction, variable recovered core diameter, and changes in the gas content of
the sediment column, but reduced the variance of NGR bulk density measurements
by ~20-50% respectively and after correction the largest changes in GRA bulk
density were correlated with changes in coring technique. In order to preserve
variability in the final synthetic seismic traces, our compilation treated all core-based
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data with equal weight and without adjustment for instrument effects or core
recovery technique.
Density and Velocity Compilation Site U1420
At Site U1420 the bulk density data we included in the compilation were
derived from WRMSL measurements where outliers (less than 1 g/cm3) were
removed from the dataset, and then smoothed by a nineteen sample moving
average, typically this resulted in a moving window of 45 cm. STMSL bulk density
data were not available at this site, but these measurements were at a lower spatial
resolution than WRMSL GRA bulk density measurements, used similar sensors,
were not given time for temperature equilibration, and were generally used for
guiding drilling operations during the expedition (Jaeger et al., 2014a). Velocity data
consisted of a logged interval with the Dipole Shear Sonic Imager (DSI) and PWC
core measurements. We cleaned the PWC data of outlier measurements less than
1.5 km/s. We compiled log data on the wireline log matched depth below seafloor
(WMSF) depth scale -- which is based on matching a spike in the gamma ray log
with the sea floor. Core data was compiled on the CSF-A scale -- which is an initial
scale based on the advancement of the drill string during coring (see “Stratigraphic
Correlation” section in the “Methods” chapter [Jaeger et al., 2014a]). Core-based
CSF-A, and logging WMSF depth scales were used together directly which may
introduce error because of a number of drilling effects (see the “Methods” chapter
[Jaeger et al., 2014a]) which we also discuss briefly here.

7

Density and Velocity Compilation Site U1421
At Site U1421 we compiled bulk density data from core for the STMSL,
WRMSL sources, and from Holes A, B, and C, which we cleaned of outliers beyond
two standard deviations of the mean for each instrument source. Next, we culled any
remaining measurements below 1 g/cm3. Finally, we smoothed these compiled
density data with a nineteen sample moving average (45 cm) on the core composite
depth below seafloor (CCSF-B) depth scale which was developed by splicing holes
A,B,C accounting for ship heave and applying an affine value to adjust for post
recovery expansion (see “Stratigraphic Correlation” section of the “Methods” chapter
[Jaeger et al., 2014a]). Compressional wave velocity data at Site U1421 included
both core and logging data. We combined core-based velocity measurements from
PWL, WRMSL, and PWC on the CCSF-B depth scale. The sonic log was used in the
WMSF depth scale and after removal of outliers beyond three standard deviations
from the moving 40 m average, we combined with the core based measurements
which were shifted so that their mean was equal to the mean value from logging
data in the overlapping interval. This shift to the core measurements, an increase of
53 m/s, served as a simple method to calibrate the wireline logged and core-derived
measurements in such a way to approximate in-situ logged measurements (Fig.
1.4).
Data Fitting
In Matlab R2015a, we fit the cleaned and processed data described above by
spline approximations of various smoothness. We employed a strategy of
aggressively fitting the data in constrained intervals which tended to create artificial
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data variability and introduce unrealistic predictions, such as bulk density below 1
g/cm3, or negative velocity estimates in unconstrained intervals. To overcome these
artifacts of overfitting in large poorly constrained gaps, and often also where the only
source was core-based data, smoother splines were used for interpolation. To
create datasets comparable to those generated in the logging operations and create
continuous physical properties records for the full drilled interval, we resampled the
compiled smoothed data at 0.1524 m spacing consistent with the logging rate. The
final interpolated curves, goodness of fit characteristics, and original measurements
are shown in Figs. 1.5-1.9, and discussed in the results section.
Initial Velocity Models
At Site U1420 the initial velocity model was constructed directly from the
compiled velocity curve, which included both logging and core data. We created
initial interval velocity models for each site using the continuous velocity curves. The
primary role of calibration at this site, as seen in Fig. 1.10A., is to initially match the
sea floor between the velocity curve, the seismic line (259 m WMSF and 330 ms
TWT, respectively), and the interval velocity model at a 5 m sample spacing. At Site
U1421 we used results from the VSP experiment to create an initial velocity
structure against which to calibrate the velocity curve (Fig. 1.10B.). We used the
measured depth of the sea floor and the TWT of the positive sea floor arrival (729.7
m WMSF and 980 ms, respectively) in the seismic line with the time-depth matches
of the checkshots to create the initial seven layer velocity model. In Petrel 2015 we
performed calibration of the velocity curve to the VSP, by addition of a linearly
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interpolated drift value between checkshots, as well as the interval velocity
calculations.
Synthetic Seismic Generation
At each site, we generated a synthetic seismic trace iteratively; an initial
convolution with calculated well reflectivity series and a Ricker wavelet provided a
rough initial calibration. Next any necessary bulk shift was applied to obtain a depth
match between the sea floor in the drilling and seismic data. We used the Roy White
wavelet extraction method at each site in Petrel 2015 to estimate source wavelet
information using the continuous physical properties curves and trace recordings
near the well. This method refines the tie by using cross correlation of the well
reflectivity and seismic trace amplitudes to extract a deterministic wavelet (White,
1980). The algorithm produces a wavelet by using the ratio of cross correlation of
the reflectivity and seismic trace in the frequency domain (by fast Fourier transform)
to the autocorrelation of reflectivity plus white noise. Spectral properties of wavelets
used in this analysis are summarized in Fig. 1.11. We convolved these
deterministically extracted wavelets with the reflectivity series to create the synthetic
seismic traces used in the synthetic-to-seismic matching process.
At IODP Site U1420 we generated the synthetic seismic at the well location
first by convolution with the Ricker wavelet in Fig. 1.11 (128 ms length, and central
positive peak at zero) and then any necessary bulk shift was applied to assure that
the data aligned such that the seafloor time-depth match occurred near the positive
seafloor reflection. Next we performed convolution with a deterministically extracted
wavelet (Fig. 1.11) according to the White method (White, 1980). Fig. 1.12 shows
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the synthetic trace at the well, nearby seismic traces from line GOA 2505, interval
velocity, and calculated reflection coefficients in both TWT and meters below sea
level on the seismic depth scale (SSL). At IODP Site U1421 we generated the
synthetic seismic trace illustrated in Fig. 1.13 using the deterministically extracted
wavelet at this location after convolution with the same Ricker wavelet as previously
described, and bulk shift to maintain alignment of the top of the log with the positive
reflection of the seafloor.
Seismic to Synthetic Matching
The traditional well tie method correlates the seismic recording and the
synthetic seismic trace at the well location (White, 1997). We made matches by
visually identifying key horizons in the synthetic seismic trace generated at each well
and events in the survey near the well location. In order to finally calibrate the well
and seismic it is common practice to execute these matches by small adjustments to
the velocity model in order to increase the correlation between the synthetic trace
and the seismic data (White and Simm, 2003). In this way the velocity model, and
thus the TDR, depends initially on the velocity log, or velocity log and checkshots
(Table 1.3) in the case of Hole U1421A, and the final velocity model is determined
by the applied adjustments from the visual matches (e.g., White and Simm, 2003).
We applied the calibration procedure described above as the basis for the
development of a time-depth relationship at each site (Table 1.1).
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Results
U1420 Results and Discussion
In Matlab R2015a we fitted four splines to the bulk density data for Site
U1420, and based on the size of the data gap, the splines were selectively sampled
to create a continuous, partially interpolated record consistent with the sampling rate
of typical logging (Fig. 1.3). We fit the upper ~170 m with a spline achieving an R2 of
0.800 and root mean squared error (rmse) of 0.0746 with the moving average of the
data compilation in this region (Fig. 1.4). The data gap between ~170 m and 450 m
was interpolated with a minimum curvature spline which was nearly equivalent to a
linear fit between samples on either side of the gap. We fit the lower interval with an
aggressive spline which reached an R2 value of 0.8032 and rmse of 0.0449 below
about 450 m. For gaps near 500-550 m and 700-750 m CSF-A, we interpolated with
a smoother spline with an R2 value of only 0.38 and rmse of 0.0842 compared to the
data compilation. This selective sampling strategy resulted in conservative estimates
of variability in poorly constrained intervals.
We created the continuous P-wave velocity curve from a compilation of
logged and core-derived measurements where CSF-A and WMSF depth scales
were used together directly. This may introduce error because in the CSF-A scale
drilling effects such as core expansion due to overburden release, compression
during coring, and coring method are not compensated; these effects are typically on
the order of 10-20% (see “Stratigraphic Correlation” section in the “Methods” chapter
[Jaeger et al., 2014a]). In sum, these sampling biases are difficult to accurately
quantify and often affect a difference between core and log derived measurements.
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The velocity curve presented here below the logged interval (i.e. below 288 m
WMSF), likely represents minimum estimates because the apparent average
velocity decreases with depth as opposed to a typical compaction trend, and also
because these measurements were collected on the WRMSL instrument which
tends to be negatively affected by incompletely full core liners (Walczak et al., 2015)
. These measurements were fitted with one of three splines depending on the
availability of data in the depth interval (Fig. 1.5). In the upper 270 meters we
sampled from a spline achieving an R2 value of 0.9287 and rmse of 0.0454
compared to the full data compilation. Below 270 m on the combined CSF-A/WMSF
scale we fit the data using two splines. The more aggressive fit had R2 of 0.7774 and
rmse of 0.1020. Except for data gaps near 270-550 m and 700-780 m on the
combined depth scale, where the aggressive fit predicts unusually large variability,
we sample from this spline. The spline which we used for interpolation in the poorly
constrained intervals reached R2 values of 0.6698 and rmse of 0.1165 with data
from the compilation below about 270 m on the combined depth scale.
Fig. 1.14 summarizes the cross correlation before and after the tie. The
cross correlation is a statistic commonly used to quantify the similarity of signals
based on a lag time or offset. In this case we desire a maximum cross correlation
value between our synthetic and seismic signals near zero lag time close to the well
site. Before visual matching, the maximum cross correlation within five traces of the
well site, nearest trace 2622 on line GOA 2505, was 0.367 with trace 2619 with a lag
of 13 ms in the 340-1410 ms window. At the well site trace, the cross correlation was
calculated as -0.118 at zero lag. After a bulk shift and visual matching, we calculate
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that the maximum cross correlation occurred at trace 2624 and 3 ms lag. At trace
2622 the maximum cross correlation was calculated to be 0.188 at zero ms lag while
the maximum cross correlation for this trace, 0.350, occurred with 3 ms lag. To avoid
overinterpretation of the data, we made minimal matches and shifts (n=4) to achieve
visually acceptable results between the synthetic and seismic traces (Fig. 1.15).
Although the correlation is low compared to sites with more complete drilling
records, for example the well to seismic tie in White and Simm (2003) reported R2
~0.87, the overall character of the seismic and synthetic traces agrees well visually
among their major trends and reflectors. High amplitude reflectors in seismic line
GOA 2505 near TWT 475 and 895 ms are well matched by reflectors in the synthetic
seismic at ~390 and 820 m SSL. Low core recovery, variable data quality and
source, data compilation handling, and a short logged interval relative to the length
of the well-to-seismic tie are likely responsible for the low correlation. Fig. 1.15,
shown with the final TDR (Table 1.4), better illustrates the quality of the tie.
The preliminary TDR created shipboard (see Fig. F37 of “Site U1420” chapter
[Jaeger et al., 2014b]) may represent a maximum depth relationship by using linear
approximation through WRMSL velocity measurements near 680, and 900 m CSFA. We observe that values here are notably higher than the mean of the WRMSL
velocity measurements overall but are low compared to the expected in-situ logging
trend. Unlike a typical compaction trend which increases with depth, the apparent
average velocity decreases with depth at this site. Only a single WRMSL density
measurement above the logged interval was available, and this measurement value
is low among the dataset which results in the calculation of a smaller than expected
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reflection coefficient at the sea floor. We directly used bulk density values from the
WRMSL which are likely minimum values compared to ideal recovery with perfectly
full core liners or an equivalently wireline logged section measured in-situ (see the
“Site U1420” chapter [Jaeger et al., 2014b]). Although this effect may be particularly
important below the end of the logged interval (i.e., below 288 m WMSF), the
variability of the core-derived measurements provides changes in the synthetic trace
which we correlate to events in the seismic traces near the well location.
U1421 Results and Discussion
At Site U1421 we derived a bulk density compilation used for data fitting and
interpolation from STMSL and WRMSL measurements from Holes U1421A,
U1421B, and U1421C on the CCSF-B scale. We fitted two splines to the data, and
selectively sampled from them to create a continuous record. Using the more
aggressive fit we achieved an R2 of 0.9309 and rmse of 0.0599 with the compilation
moving average for the full interval (Fig. 1.6). Although we found that it was possible
to achieve higher R2 values the fit presented here is the best fit constrained such
that no density less than 1 g/cm3 was predicted. Between approximately 150-220 m,
near 410 m, and 500-575 m CCSF-B we sampled a smoother spline fit with R2 of
0.6980 and rmse 0.1404.
The full velocity compilation used for spline fitting was created by compiling
the logged measurements with the core compilation measurements. In the upper 92
meters we sampled the spline-fitted data from the core compilation with an R2 value
of 0.7908 and rmse of 0.0674. The bottom interval consisted of the fitted log-derived
compilation from a spline with R2 of 0.9718 and rmse 0.03833. Although both log
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and core data were available for a short interval, in the area of overlap we sampled
from the spline fitted to the wireline logged data.
We made matches between the synthetic and seismic traces which were
minimal in number (n=14) and scale. Before matching, the maximum cross
correlation within five traces of the well site, nearest trace 411 on line GOA 2503,
was 0.417 with trace 414 at -1 ms lag when correlating the 980-1650 ms window. At
the well site trace we calculate the cross correlation with the synthetic at zero lag to
be 0.365 which was also the maximum in the trace window at any lag. After
matching, the maximum cross correlation, 0.500 occurred at trace 413 with zero lag.
At trace 411, the nearest to the well site, the zero-lag cross correlation was 0.413
and the trace maximum cross correlation, 0.448, occurred at 1ms lag (Fig. 1.16).
Again, despite the low correlation compared to ties based on more complete data,
we find that the character of the seismic and synthetic traces agrees well visually in
overlay (Fig. 1.15). High amplitude reflectors on seismic line GOA 2503 near TWT
1279, and 1620 ms match well with the synthetic at 1020 and 1395 m SSL. The final
TDR is shown in Table 1.1 with reference to both SSL and meters below sea floor
(SSF) datums. Additionally we note the high agreement between our final TDR and
the checkshot time-depth constraints which suggests a well calibrated model.

Application to Previous Work
We apply the TDR to estimate depths of several reflectors in seismic lines
GOA 2503 and GOA 2505. These sections and horizons are discussed and
interpreted in Worthington 2010, and the proceedings volume (see the “Site U1420”
and “Site U1421” chapters [Jaeger et al., 2014b, 2014c]). Here we simply provide a
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summary table of the depths of these horizons as calculated by our TDR (Fig. 1.17).
At Site U1420 we were able to provide depth estimates for horizons H1A, H1B, H1,
H2A, H2B H2C, H2D and H2 which had TWTs less than ~1550 ms. At Site U1421
we provided depth estimates for horizons H1B, H1, and H2A. For each location we
estimated the TWT from the appropriate seismic section near the well and
interpolated from our final TDR to generate depth estimates.
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Figure 1.1. Site U1419–U1421 locations (white circles). Satellite imagery (Source:
esri) is draped over topography and bathymetry (Source: NGA, USGS). Red lines =
major quaternary faults (Koehler et al., 2012), BT = blind thrust faults (after
Worthington et al., 2010). Medium blue = maximum glacial extent during the last ~3
My, light blue = Wisconsin Last Glacial Maximum extent (Manley and Kaufman,
2002). Dashed yellow lines = approximate locations of seismic Lines GOA 2502,
GOA 2503, and GOA 2505 from seismic Survey EW0408 collected aboard the R/V
Maurice Ewing in 2004.
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Figure 1.2. Schematic illustrating the handling and physical properties analyses of
cores collected during IODP Exp. 341. First the core is passed through the special
task multi-sensor logger where gamma ray attenuation (GRA) bulk density
measurements and magnetic susceptibility are collected. After a period of
temperature equilibration the core is passed through the whole round multi-sensor
logger which records GRA bulk density, magnetic susceptibility, and compressional
wave velocity on the P-wave velocity logger (PWL). Natural gamma ray
measurements are taken before the cores are split into working and archive halves.
The archive half is passed through the section half multi-sensor logger (SHMSL)
where reflection spectroscopy, colorimetry, magnetic susceptibility, and laser splitcore surface analysis are performed. From the working halves discrete samples are
taken for further lab analysis including bulk density, water content, porosity, and
grain density. Point measurements of compressional wave velocity are taken with
the P-wave caliper (PWC) instrument. Core handling and data collection is described
in greater detail in the “Site U1420” and “Site U1421” chapters (Jaeger et al., 2014b,
2014c).
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Figure 1.4. A. Compressional wave velocity measurements from core-compiled
sources for Site U1421 shown as black dots. Borehole logging measurements
shown as green dots. B. Zoomed interval showing overlap of core and log
measurements before and after shifting the core measurements by 53 m/s to match
the average of logging data in the overlap interval between about 90-98 m on the
combined depth scale. C. The compiled VP measurements used for fitting are
displayed on the combined WMSF/CCSF-B scale.
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Figure 1.5. Bulk density compilation and fits, Site U1420. Goodness of fit
characteristics for multiple spline fits derived by comparison with the moving 19sample average. Goodness of fit characteristics are reported for respective intervals
on the figure. sse = sum of squared errors, rmse = root mean squared error.
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Figure 1.6. Compressional wave velocity measurements compilation and spline fits,
Site U1420. The final sampled curve is at a rate of 0.1524 m. Goodness of fit
characteristics are reported in the figure for data included in the compilation within
respective intervals. In the upper interval, ~270 m, the yellow aggressively fitted
curve was sampled. Deeper than 270 m on the combined depth scale, we sampled
either the smoothed cyan curve for the poorly constrained intervals or the magenta
curve, which we fitted aggressively for comparatively well constrained intervals. sse
= sum of squared errors, rmse = root mean squared error.
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Figure 1.7. Bulk density compilation and fits, Site U1421. The final curve (black) was
sampled at a rate of 0.1524 m. We selected the green fit for the compilation because
it had the highest R2 value such that the minimum density prediction was 1 g/cm3.
For intervals near 180–220, 400–420, and 500–580 m CCSF-B, we sampled a
spline fitted more conservatively for the whole data set (magenta). Measurements
shown before outlier removal.
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Figure 1.8. A. Compressional wave velocity data compilation, Site U1421. Core data
and in situ logging measurements were fitted independently with two splines. B.
Detail of the overlapping interval shows intersection point of the core fitted and logfitted splines selected to splice the curves together such that use of the logging data
was prioritized. C. Final sampled curve for the full interval with core data and logging
data.
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Figure 1.9. A. Original bulk density WRMSL dataset and fit for Site U1420 shown
with interpolated physical property curve (black curve) sampled at 0.1524m spacing.
B. Compressional wave velocity compilation from sonic log (orange interval) and
PWC core-derived measurements for Site U1420 as blue dots (all combined
measurements). Interpolated physical property curve sampled at 0.1524 m interval
and fitted as described in the text. C. Original bulk density WRMSL and STMSL
dataset compilation and fit for Site U1421A shown with interpolated physical
property curve (black curve) sampled at 0.1524 m spacing. D. Compressional wave
velocity compilation from sonic log (orange interval) and PWC core-derived
measurements for Site U1421A as blue dots (all combined measurements).
Interpolated physical property curve sampled at 0.1524 m interval and fitted as
described in the text.
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Figure 1.10. A. Initial interval velocity from the sonic compressional wave velocity
data for IODP Site U1420. Panel 1 shows drift value for calibrating. Panel 2 shows
the interval velocity from the constructed velocity curve and panel 3 shows the
results of calibration. The primary role of calibration in this instance is to initially
match the seafloor between the velocity curve and interval velocity model, and to
create a 5 m sampling interval for the interval velocity. B. Panel 1 shows drift curve
for sonic and VSP calibration for Site U1421. Panel 2 shows interval velocity from
VSP checkshots and sea floor constraints. Panel 3 shows the interval velocity for
the original sonic log in blue and the red curve shows the calibrated sonic log
interval velocity after adjusting with the drift value. Meters below sea level (SSL),
the seismic depth scale derived from the TDR, was created using the logging sea
floor depth and combined WMSF/CCSF/CSF scales.
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shot locations 406-416 with initial TDR and visual matches shown in green. The last two panels show the calculated
interval velocity and reflectivity. Synthetic seismic was produced using the reflectivity series and the extracted wavelet
shown in Figure 1.11 B. B. Synthetic shown with seismic traces 406-416 and the TDR after applying the matches.
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Figure 1.14. Cross-correlation before (left panel) and after the tie (right panel) for
Site U1420. Before matching, the maximum cross correlation within five traces of the
wellsite, nearest trace 2622 on line GOA 2505, was 0.367 with trace 2619 with a lag
of 13ms in the 340-1410 ms window. At the wellsite trace, the cross correlation was
calculated as -0.118 at zero lag. After a bulk shift and matching, we calculate that
the maximum cross correlation occurred at trace 2624 and 3 ms lag. At trace 2622
the maximum cross correlation was calculated to be 0.188 at zero ms lag while the
maximum cross correlation for this trace, 0.350, occurs with 3 ms lag. White asterisk
marks trace of maximum cross correlation.
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Figure 1.15. A. Synthetic seismic overlay for Site U1420 shown on EW0408 line
GOA 2505 near the well location with the final time-depth relationship. B. Synthetic
seismic overlain for Site U1421 shown on EW0408 line GOA 2503 near the well
location with the final time-depth relationship. Red are positive amplitudes and black
are negative. Checkshots from the VSP survey are shown as white circles for
U1421.
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Figure 1.16. Cross correlation results for the tie at Site U1421. Before matching (left
panel), the maximum cross correlation within five traces of the wellsite, nearest trace
411 on line GOA 2503, was 0.417 with trace 414 at -1 ms lag when correlating the
980-1650 ms window. At the wellsite trace we calculate the cross correlation with the
synthetic at zero lag to be 0.365 which was also the maximum cross correlation
value in the trace window at any lag. After matching (right panel), the maximum
cross correlation, 0.500 occurred at trace 413 with zero lag. At trace 411, the
nearest to the wellsite, the zero-lag cross correlation was 0.413 and the trace
maximum cross correlation, 0.448 occurred at 1 ms lag. White asterisk marks trace
of maximum cross correlation.
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Figure 1.17. A. Horizons from Proceedings Report Figure F30 (Jaeger et al., 2014b),
which were penetrated by drilling at Site U1420, with depths interpreted using the
final TDR created in this study. B. Horizons from Proceedings report Figure F38
(Jaeger et al., 2014c), which were penetrated by drilling at Site U1421, with depths
interpreted using the final TDR created in this study. In each case we estimated
horizon TWTs from seismic lines GOA 2505 and GOA 2503, as appropriate, after
the interpretations of Worthington et al., 2010, and Berger et al., 2008. Depth
estimates are provided in both meters below sea floor in the seismic depth scale
(SSF) and meters below sea level (SSL) references developed from each TDR.
Seismic Profiles GOA2503 and GOA2505 acquired in 2004 aboard the R/V Maurice
Ewing as part of a pre-survey cruise for Expedition 341.
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TWT
(ms)
981.5
984.42
988.98
995.58
1002.19
1009.03
1015.8
1022.32
1029.31
1035.44
1042.28
1049.69
1056.59
1062.7
1067.91
1072.87
1077.67
1082.5
1087.38
1092.12
1096.85
1101.65
1106.41
1111.05
1115.89
1120.55
1125.64
1130.87
1135.98
1141.01
1146.06
1151.17
1156.39
1161.59
1166.67
1171.74
1176.96
1182.03
1187.03
1192.05
1197.16
1202.28
1207.29
1212.28
1217.33
1222.05
1226.53
1230.99

Depth
SSL SSF
(m) (m)
730
1
735
6
740
11
745
16
750
21
755
26
760
31
765
36
770
41
775
46
780
51
785
56
790
61
795
66
800
71
805
76
810
81
815
86
820
91
825
96
830 101
835 106
840 111
845 116
850 121
855 126
860 131
865 136
870 141
875 146
880 151
885 156
890 161
895 166
900 171
905 176
910 181
915 186
920 191
925 196
930 201
935 206
940 211
945 216
950 221
955 226
960 231
965 236

Depth
SSL
SSF
(ms) (m) (m)
1235.47 970 241
1239.95 975 246
1244.42 980 251
1248.9 985 256
1253.47 990 261
1257.94 995 266
1262.4 1000 271
1266.81 1005 276
1271.2 1010 281
1275.57 1015 286
1279.34 1020 291
1282.76 1025 296
1285.86 1030 301
1288.57 1035 306
1291.71 1040 311
1296.36 1045 316
1301.02 1050 321
1305.78 1055 326
1310.58 1060 331
1315.15 1065 336
1319.9 1070 341
1325.1 1075 346
1329.77 1080 351
1334.35 1085 356
1338.84 1090 361
1343.35 1095 366
1347.85 1100 371
1352.27 1105 376
1356.74 1110 381
1361.1 1115 386
1365.42 1120 391
1370.1 1125 396
1374.74 1130 401
1379.4 1135 406
1384.04 1140 411
1388.68 1145 416
1393.3 1150 421
1398.04 1155 426
1402.66 1160 431
1407.61 1165 436
1413.05 1170 441
1418.87 1175 446
1424.18 1180 451
1429.54 1185 456
1434.29 1190 461
1438.72 1195 466
1443
1200 471
1447.96 1205 476
TWT

Depth
SSL SSF
(m)
(m)
1453.43 1210 481
1459.62 1215 486
1464.78 1220 491
1470.69 1225 496
1476.05 1230 501
1480.53 1235 506
1485.2 1240 511
1489.94 1245 516
1494.65 1250 521
1499.36 1255 526
1503.62 1260 531
1507.85 1265 536
1511.8 1270 541
1515.63 1275 546
1519.44 1280 551
1523.36 1285 556
1527.59 1290 561
1531.73 1295 566
1536.17 1300 571
1540.41 1305 576
1545.12 1310 581
1549.71 1315 586
1554.85 1320 591
1559.66 1325 596
1563.61 1330 601
1568.19 1335 606
1572.94 1340 611
1577.15 1345 616
1581.4 1350 621
1585.87 1355 626
1590.11 1360 631
1594.12 1365 636
1598.08 1370 641
1602.28 1375 646
1606.46 1380 651
1610.68 1385 656
1614.87 1390 661
1619.01 1395 666
1623.08 1400 671
1627.62 1405 676
1632.44 1410 681
1637.26 1415 686
1642.09 1420 691
1646.91 1425 696
TWT
(ms)

TWT = two-way traveltime, SSL = seismic depth below sea level
SSF = seismic depth below seafloor. Bold text = data near check shots.

Table 1.1. Checkshots and Time Depth Relationships
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Latitude

U1420A

59°41.3399′N 143°12.0599′W 259.4 106 1020.8 139.91
Totals: 106 1020.8 139.91
143°2.7395′W
143°2.7188′W
143°2.7387′W

729.7 85
733.9 1
733.0
6
Totals: 92

702.7 140.72
6.2
6.23
38.2 29.06
747.1 176.01

Logged
Logged STMSL
velocity
GRA
bulk
VSP (sonic) PWC PWL dens. dens.

13.7 1020.8 1280.2 No
13.7 1020.8
20.0
100.5
76.1
23.6

Yes

702.7 1432.4 Yes Yes
6.2 740.1 No No
38.2 771.2 No No
747.1

WRMSL

Hole

U1421A 59°30.4399′N
U1421B 59°30.4284′N
U1421C 59°30.4298′N

Longitude

Interval Interval
Pene- Total
Depth Cores cored
recov. Recovery tration depth
(mbrf) (N)
(m)
(m)
(%)
(m) (mbrf)

Yes No

No

No

Yes

Yes Yes
No Yes
No Yes

No
No
No

Yes Yes
Yes Yes
Yes Yes

Table 1.2. Site U1420 and U1421 data summary including location and physical
properties measurement availability. VSP = vertical seismic profile, PWC = P-wave
caliper, PWL = P-wave logger, GRA = gamma ray attenuation, STMSL = Special
Task Multisensor Logger, WRMSL = Whole-Round Multisensor Logger.
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Table 1.3. Check shot data, Site U1421. SSL = seismic depth below sea level, SSF
= seismic depth below seafloor, TWT = two-way traveltime.
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Table 1.4. Time-depth relationship, Site U1420. Time-depth relationship is
interpolated for deeper than ~1260 m seismic depth below sea level (SSL). SSF =
seismic depth below seafloor.
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Chapter 2
Quantifying the relative influence of ice sheets, faults, and instability on channel and
gully cross-profile shapes in the Gulf of Alaska
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ABSTRACT
Convergent tectonics and glaciomarine sedimentary processes in the
northern Gulf of Alaska have produced a variety of troughs, canyons, channels,
gullies, and other drainage related features over a range of spatial scales. To
evaluate the effects of glaciomarine and fault processes on observed drainage
morphology we measured regional drainage feature cross-profile shape
characteristics across the area. Our results show overlap between U-shaped feature
cross-profile locations, ice sheet extents, and instability zones on the shallow shelf
and slope that were previously inferred by observations of potential mass-movement
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structures such as slumps, slides, and debris flows. U-shaped profiles were also
observed in areas of recent slope progradation such as the flank of the proximal
deep-sea Surveyor Fan. We used principal component analysis (PCA) and
geographically weighted regression (GWR) to relate drainage cross-profile
morphology to proxy variables for ice sheets, faults, and instability zones. This
method enables quantitative evaluation of the effects on cross-profile shape
explainable by each variable as indicated by the magnitude, distribution, and
variation of parameter coefficients both at the local and regional scale. Our multiple
variable GWR model can explain most of the regional variability in cross-profile
shape with the contribution of each parameter varying throughout the study area.
Parameters associated with ice sheet extent have the strongest overall relationship
with drainage shape, while the distance from an instability zone is the strongest local
relationship. The fault proxy parameter shows relatively strong correlations with
cross-profile shape near the Transition Fault, and the narrowest zone of morphologic
influence overall.

Introduction
Submarine gullies, channels, and canyons are commonly initiated by
downslope erosional processes driven by subglacial flow of cold dense water,
subglacial tidal pumping, iceberg scouring, aggradation of turbidites, rilling, or by
mass failure including slumps and slides (e.g., Dowdeswell et al., 2006; Gales et al.,
2013; Harris and Whiteway, 2011; Harris et al., 2014). Each of these processes
results in characteristic morphological expressions including relief, sinuosity,
spacing, width, branching order, cross-profile shape (e.g., Gales et al., 2013;
42

Noormets et al., 2009; Swartz et al., 2015). In this study, we focus on the shape
index (SI), which quantifies drainage cross-profile shape on a continuum of U- and
V- shapes. This metric has previously been used to compare relief, slope
morphology, and mass wasting expression on glaciated margins (e.g., Gales et al.,
2012, 2014; Swartz et al., 2015).
Early observational comparisons of valley cross-profiles categorized glacial
valleys as U-shaped and fluvial valleys as V-shaped (e.g., McGee, 1894). Modeling
based on observed ice flow velocity and erosional pattern (e.g., Harbor, 1992)
explained a V- to U-shaped cross-profile evolution by invoking a central minimum in
the sliding velocity; but accounting for specific basal stress conditions, timescales of
development, and processes of deepening versus widening remains difficult (e.g.,
Seddik et al., 2005; Yang and Shi, 2015). The morphology of these features may
indicate characteristics of the sediment or fluid being transported, the
sedimentological processes at work, such as aggradation (e.g. Kane et al., 2010), or
is partly a function of the surface lithology in landscapes of varying rock mass
strength (e.g., Augustinus, 1992). Since the cross-profile shape of a feature in part
controls its volume and transport capacity, the SI is necessarily an important
parameter in determining regional landscape development.
In Patagonia, valley SI decreases towards the equator, with more intensely
glaciated areas at higher latitudes having more U-shaped profiles (Coles, 2014).
However, results have been mixed; Li et al., (2001) documented more variability in
channel cross-profile shapes among fluvial valleys versus glacial valleys in the Tian
Shan Mountains and middle reaches of the Yangtze River instead of distinct glacial
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U- and fluvial V-shapes. In the marine realm, submarine channels have been shown
to be planimetrically similar to subaerial channels (e.g., Wynn et al, 2007) despite a
lower density contrast between flow and ambient fluid (Kane et al., 2010). Unlike
terrestrial studies, marine studies of ice-influenced gullies and canyons have
included SI or similar metrics but usually not as their primary focus (e.g., Gales et
al., 2013, 2014; Harris and Whiteway, 2011; Swartz et al., 2015).
Here, we focus on the Gulf of Alaska because the combined action of
glaciomarine and tectonic processes and environments has created significant
variability in seafloor morphology, making the region an ideal location to investigate
SI with respect to major geologic elements such as faults, ice sheets, and zones of
instability. By measuring the SI at a variety of locations throughout the region, our
methodology can provide, for example, a test of the hypothesis that SI is related to
past ice sheet extents. We further investigate additional geographic hypotheses
between drainage SI and major geologic elements including previously mapped or
inferred mass failure zones and faults by using geographically weighted regression
(GWR; e.g., Fotheringham, et al., 2003). Relationships between SI and geologic
elements documented in our work may be used to better understand how
tectonically active settings influence or respond to glaciomarine processes such as
channel initiation and erosion, sediment transport, rapid sediment accumulation, and
the development of the overall shelf-slope morphology.
Geologic setting
The northern Gulf of Alaska (Fig. 2.1A) is notable for highly variable offshore
sedimentation with rates ranging from preglacial values of ~30-70 m/My (Gulick et
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al., 2015), up to ~1,300 m/My on the proximal shelf (averaged since 0.2 Ma (Jaeger
et al., 2014)). Documented short term sedimentation rates associated with
glaciation, as determined from radiocarbon and oxygen isotope data, reached peak
rates up to 10,000 m/My during the last glacial period (Montelli et al., 2017). The
adjacent St. Elias Mountains are the world’s highest coastal range, their uplift and
erosion produce the world’s highest documented erosion rates (Enkelmann et al.,
2015) and are the largest supplier of sediment to the Pacific Ocean along the North
and South American coasts (Jaeger et al., 1998). Much of the sediment in the
system is stored in glacial sea valleys on the shallow shelf, routed west to the
Aleutian Trench via slope bypass, or deposited in the deep water Surveyor (Gulick et
al., 2015; Reece et al., 2011), Baranof (Walton et al., 2014; Zhang and Gulick,
2019), or Chatham Fans (e.g., Gardner and Mayer, 2016; Stevenson and Embley,
1987) (Fig. 2.1B).
The study area encompasses a structural transition from strike-slip tectonics
in the east through the Aleutian megathrust to the west, where the Pacific Plate
subducts beneath North America. Between these two features, the Yakutat
microplate (YAK) is subducted at a low angle, and collides with North America
forming the St. Elias syntaxis onshore (Pavlis et al., 2004) and the accretionary
Pamplona Zone fold-thrust belt offshore (e.g., Bruns and Carlson, 1987). West of the
Pamplona Zone, the steeply dipping thrusts of the Kayak Island Zone form a
possible suture between YAK and North America (Worthington et al., 2008). At the
toe of the continental slope, the dominantly strike-slip Transition Fault separates the
YAK and Pacific plates and provides a structural link between the Pamplona Zone
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and the Aleutian Trench. Buoyancy contrasts between the ~15-30 km thick YAK and
the ~8 km thick normal oceanic crust of the Pacific Plate (Christeson et al., 2010;
Worthington et al., 2012) exert first order controls on seafloor morphology, forming a
broad, relatively flat (~100 km wide) continental shelf and the steep continental slope
at the Transition Fault.
The large amount of sediment moved by past ice sheets, and their regional
extents, underscores the importance of glaciomarine processes in the development
of the modern shelf-slope morphology. Manley and Kaufman (2002) constrain the
maximum ice sheet extent to approximately the modern shelf edge during maximum
glaciation (since ~3 Ma; MGL) whereas the advancing ice sheets were more limited
to the troughs and the eastern part of the shelf during the last glacial maximum
(LGM), ~20 ka in the region. Shelf-crossing sea valleys occupying the southern
Alaska margin were likely reoccupied during later glacial advances, including by the
Bering and Malaspina glaciers, the two largest outlet glaciers of the Cordilleran ice
sheet (Carlson et al., 1982; Elmore et al., 2013). Integrated Ocean Drilling Program
(IODP) Expedition 341 drilled a series of sites across the southern Alaskan margin
partly to investigate climate-tectonic-depositional relationships (Jaeger et al., 2014).
The IODP data reveal that regional sedimentation rates vary by at least an order of
magnitude and show a strong correlation with ice sheet history and location relative
to the shelf (Gulick et al., 2015; Jaeger et al., 2014; Montelli et al., 2017).
Influences on shelf-slope morphology
Ice sheet history, and by proxy, rapid sedimentation and modified fluid flow,
may have lasting consequences on shelf-slope morphology. Besides the reshaping,
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erosion, and deposition that are associated with ice sheet modified fluid flow along a
surface such as the seafloor, rapid shelf and slope sedimentation can build longlived overpressure; in the Pamplona Zone overpressure approaches lithostatic
stress values within the upper 1 km depth and possibly affects fluid flow and
deformation style within the shallow sediments (Daigle et al., 2017). Numerical
models have linked overpressure to focused fluid flow in the subsurface, which could
result in seeps and failure of the slope; this overpressure-driven erosion of the slope
is a likely failure mechanism in settings where rapid sedimentation allows shelf
progradation over more permeable sediments (Dugan and Flemings, 2000) such as
in the Gulf of Alaska. Several workers (see discussion in Dugan and Flemings,
2010) have suggested that submarine canyon formation is enhanced or initiated by
failure on the lower slope, which influences shelf-slope morphology, including SI.
High sedimentation rates appear to have caused cessation of motion on thrust faults
within the Bering Trough which has been attributed to decreased normal stress on
the faults due to feedback from increased fluid pressure and loading (Worthington et
al., 2018).
Faults, and the general tectonic setting, affect shelf-slope morphology in a
variety of ways, including by partly controlling accommodation space, local
sedimentation rate, and fluid flow direction (e.g., Mitchell, 2006; Harris et al., 2014).
In temperate glaciated convergent margin settings the distribution of deformation
may be complex and partitioned among faulting and folding, out of sequence
thrusting (e.g. Worthington et al., 2010; Pavlis et al., 2012), or expressed as
heterogeneous compaction and overpressure across the shelf and slope (van
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Avendonk et al., 2013). Overpressure can affect deformation in an active thrust
wedge by reducing the shear strength of sediments, lessening seismic strengthening
which typically increases slope stability in non-overpressured active margins (e.g.
Sawyer et al., 2017), and reducing the effective normal stress on faults (e.g., Daigle
et al., 2017; Worthington et al., 2018). Thus, sediment weakness and failure
distribution may be explained by factors including, sediment type, age, consolidation
state, and deposition rate; these attributes are influenced by processes that are
linked to ice sheet history, fault distribution, and shelf-slope morphology. Instability
can affect shelf-slope morphology in many ways, such as by shifting large volumes
of sediment, often for tens of kilometers, or at a smaller scale by influencing the
shape of submarine canyon walls (Sultan et al., 2007). To quantify these
interrelationships we provide a systematic spatially-focused study of the SI with
respect to distance-based proxies for glaciomarine and tectonic processes such as
ice sheet extents, faults, and observations of sediment instability such as slump and
slide structures.
This work regionally extends part of the shape-based analysis of Swartz et al.
(2015), which analyzed gully SI along a mid-slope transect near the Yakutat and
Alsek Sea Valleys, to encompass the area near the Bering Trough and the
intersection of the Transition Fault with the Aleutian Trench. Unlike Swartz et al.,
(2015) which focused on gullies, our study includes channels, gullies, canyons, and
sometimes other features which can create continuous topographic lows that affect
the seafloor morphology such as faults, sediment waves, or other flow-related
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bedforms (e.g., see discussion in Rebesco et al., 2014); we refer to these features
collectively as a drainage network throughout the paper.

Data
Bathymetric compilation
The primary bathymetric dataset used for this study was Zimmerman and
Prescott (2015) who compiled 225 lead-line and single-beam surveys and 106 more
recent higher quality multibeam surveys (e.g., Gardner et al., 2006) (Fig. 2.2). This
compilation applied corrections including datum alignment, deletion of erroneous
values, supersession of older values, and resampling to 100 m resolution
(Zimmerman and Prescott, 2015). Although the data product was released at 100 m
nominal resolution some of the compiled surveys have different original resolutions,
so in some areas the data are subsampled and in other areas the data are
interpolated (see discussion in Zimmerman and Prescott, 2015).
Instability, fault, and ice sheet extent geospatial data
Instability zones, as indicated in this study, are based on the work of Carlson
et al., (1975, 1980) who used seismic reflection profiles and sonar data collected
aboard the R/V Thomas Thompson (von Huene et al., 1975) to map near surface
slumps, slides, debris flows, and potential slump or slide areas on the shallow shelf
and slope; potential slump and slide areas were indicated by the presence of thick
Holocene sediment >25 m occurring on slopes of 1-8 degrees. For our compilation
of instability zones we digitally combined the potential and documented slump and
slide structures from Carlson et al., (1975), between Montague Island and the
Malaspina Glacier, and Carlson et al., (1980), which includes additional
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interpretations east of the Malaspina Glacier. We used fault traces from a regional
compilation of the USGS Quaternary fault and fold database (Koehler et al., 2012),
and faults mapped from seismic and structural analyses in the Pamplona Zone of
(Pavlis et al., 2004; Worthington et al., 2010) to create the distance-based proxy
parameter used in the GWR.
Past ice sheet extents used in this study were obtained from the Alaska
PaleoGlacier Atlas (Manley and Kaufman, 2002) for the maximum ice sheet extent
(Maximum Glacial Limit = MGL) and the last glacial maximum extent (Last Glacial
Maximum = LGM). The Alaska PaleoGlacier atlas is the result of careful compilation
of glacial-geologic information from at least 42 source maps and 26 publications.
The LGM polygon represents the extent of ice during the late Wisconsin glaciation,
while the MGL polygon represents the maximum ice extent reached within the last
~3 My.
Marine geophysical data
We refer to a variety of sub-bottom profiles, which provide indications of the
shallow structure of a cross section of the subsurface. In the case of the
MiniSparker15 line, the profile shown in this study is ~250-590 Hz (von Huene et al.,
1975) with a vertical resolution ~2 m at the seafloor. We also interpreted marine
seismic reflection profiles including STEEP 09 which was acquired from the R/V
Marcus Langseth in 2008 using an ~8 km streamer as part of the St. Elias Erosion
and Tectonics Project (STEEP) (e.g., Worthington et al., 2010). Seismic reflection
profiles GOA 2505, 3101 and 3102 were surveyed in 2004 as part of an IODP site
survey aboard R/V Maurice Ewing equipped with two 45/45 in3 air guns and a 1.5
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km streamer resulting in a vertical resolution of ~5 m at the seafloor (e.g., Gulick et
al., 2007). In some areas we interpreted legacy G175 (Bruns and Bayer, 1977) and
FW (by Western Geophysical, 1979) seismic reflection surveys (e.g., Bruns and
Schwab, 1983; Bruns and Carlson, 1987), where vertical resolution is ~30 m at the
seafloor (Worthington et al., 2010). In addition to sub-bottom profiles described
above, we reviewed 50 m resolution sidescan sonographs (Paskevich et al., 2011)
collected as part of EEZ-SCAN (e.g., see discussion in Somers, 1996). Sidescan
sonar in the compilation was processed and geometrically corrected for water
column offset, slant-range distortion, aspect ratio, and ship velocity variations;
radiometric corrections included shading correction, speckle noise removal, and destriping (Chavez et al., 1996).

Parameter extraction methods
Drainage network
To produce a drainage network, we used the bathymetric compilation of
Zimmerman and Prescott (2015), and a workflow executed in ArcGIS 10.6
(esri.com). We clipped and filled the bathymetric compilation in our study area,
which helped to create a more continuous surface. To define drainage features, we
used a flow accumulation threshold of 800 contributing cells (after Tarboton et al.,
1991) based on the flow direction of the bathymetric surface (after O’Callaghan and
Mark, 1984). We transformed the raster data from this process to vector lines and
then applied a selection filter, only accepting polylines with more than two vertices.
Next, we split the remaining polylines at their vertices and kept sections with lengths
greater than 100 m and less than 4000 m. These filters eliminated many long and
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straight segment artifacts and segments of 100 m length or less which were
apparent errors related to the nominal cell size of the original raster grid. To reduce
errors associated with survey lines we removed drainage features within 500 m of
the lines shown in Fig. 2.2.
Shape Index (SI)
We extracted drainage cross-profiles (Fig. 2.2) based on our drainage
network using a workflow developed in ArcGIS 10.6. First, we segmented the
drainage network into 100 m segments using the densify tool, this helped to
minimize potential sampling bias based on segment length within the drainage
network. Next, we used the Polynomial Approximation Experimental Kernel (PAEK)
smoothing algorithm (ArcGIS 10.6, 500 m smoothing tolerance) and created a
subset of 500 randomly selected drainage segments. At the midpoints of the
selected segments, we extracted 5 km profiles perpendicular to the drainage
features and removed bathymetric profile data within 1 km of lines in Fig. 2.2. These
profiles were exported for further analysis. Profiles were trimmed by selecting points
within drainage boundaries, and the shape of our extracted profiles was
approximated by a grid search to the equation:
y - y0 = a*|x - x0|b

eq. (1)

where, a is a constant determined by least-squares fit, and used as a scaling factor;
x, y are the horizontal and vertical coordinates with the coordinate pair at the center
of the fitted profile designated as x0, y0 (Pattyn and Van Huele, 1998). We refer to
the observed SI as the b-value of the least squares fit to the extracted profile
elevations where b ranged from 0 to 4 in 0.1 increments. A threshold of SI = 1.5 was
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used to differentiate V-shaped vs. U-shaped drainage, with V-shaped < 1.5 and Ushaped > 1.5.
We extracted additional parameters at the same locations where we
measured SI. Including the x-, y- coordinates, and Sobel edge detection values
derived from a 5x5 filter (Gupta and Mazumdar, 2013) applied to the Zimmerman
and Prescott (2015) bathymetric surface, we used a total of fifteen properties
(including relief, width, depth, slope, aspect, and curvature in three directions)
related to the bathymetry, feature morphological properties, and major geologic
features. To represent the geologic features as continuous variables, Euclidian
distance was extracted from maps based on the fault compilation, instability zones
from the combined work of Carlson et al. (1975, 1980), and each of the two ice sheet
extents from the work of Manley and Kaufman (2002). A supplementary correlation
matrix is available for all the extracted parameters (Fig. S. 2.1).

Analysis and results
Drainage shape index interpolation
We measured 347 SI from 500 extracted bathymetric profiles (Fig. 2.3). We
excluded profiles (153) auto-generated by our extraction method that had relief of <
2 m, were complex, one-sided, or highly asymmetric. Of the remaining profiles we
found a mean SI of 1.4, which is indicative of a V-shaped feature. Approximately
33% of study area cross-profiles were found to be U-shaped (SI > 1.5). The midslope profile of Swartz et al., (2015) found ~23% U-shaped gullies although the data
are not directly comparable because our study includes metrics on several types of
marine drainage features and was limited to profiles less than 5 km in width. Our
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data shows a nearly normal distribution with a smaller peak near a SI value of 0.5
and a larger peak near the mean.
To compare SI with glacial extents, faults and previously determined
instability zones, we created an interpolated map of SI throughout the study area
using a 2 km cell size and applied Inverse Distance Weighting (IDW, ArcGIS 10.6).
The interpolated SI map was produced using a power of 1, and between 8 and 16
nearest neighbors and was clipped to the offshore portion of the study area (Fig.
2.4). There was an overall sample selection bias towards the southern portion of the
study area, a direct result of the lower density of the drainage network in the north,
lower relief, and a non-marine northern portion of the study area which was not
included in profile sampling. Qualitative comparison of the mid-slope gully profiles of
Swartz et al. (2015) with our interpolated SI map shows agreement in SI trends
where our studies overlap. Our SI measurements show less range overall possibly
due to the effects of interpolation or differences in our least-squares grid search
method compared to the generalized power law program used in that study (Pattyn
and Van Huele, 1998).
Principal Component Analysis (PCA)
We used the set of fifteen parameters extracted from 344 sites (Fig. 2.5) to
perform PCA in order to identify which parameters explained the most variance
within the data (e.g., see discussion in Abdi and Williams, 2010). PCA including the
spatial coordinates (not shown) revealed that 96.1% of the total variance in the
dataset was described by the first two components. Component 1 was best
explained by the longitude, while component 2 was best expressed as a linear
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combination of the latitude, distance from an instability zone, and distance from the
ice sheet extents. Because the sample profile locations were a subset of the
drainage network and thus not totally random, the high percentage of variance
associated with the longitudinal parameter may indicate a tectonic influence
expressed in the west-to-east structural transition through the Aleutian Trench,
Kayak Island Zone, Pamplona Zone, and Yakutat terrane but is also a consequence
of the selection of the study area shape and size.
To better visualize the relationships not directly related to geographic position
we removed the coordinate parameters. In the resulting PCA (Fig. 2.5), the first
component explained ~84.1% of the variance and was strongly loaded on the two
glacial extents. The second component correlated best with distance to an instability
zone, and explained ~8.9% of the variance of the nonspatial dataset. The third
component explained ~4.7% of the variance and was related to the distance from a
fault. Based on the results of this secondary PCA we selected these four parameters
for further analysis: 1) distance from an instability zone (Carlson et al., 1975, 1980);
2&3) distance from the LGM and MGL ice sheet extents of Manley and Kaufman
(2002); 4) and distance from a fault.
Geographically Weighted Regression (GWR)
Since PCA revealed a high spatial interdependence, we adopted a GWR
approach that conducts localized regressions using a set of specified neighbors
(e.g., Fotheringham et al., 2003). For this analysis, all parameters and the SI were
normalized between 0 and 1. To maximize sample size and the distribution of data
we used our interpolated SI values which were well correlated with measured SI (R
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= 0.90). We applied GWR in two different ways to quantify the effect of parameters
by the absolute value of the coefficients.
1.) Using each individual parameter identified in the PCA:
=
SI (Bn*Dn) + C, where Bn is the coefficient of distance-based parameter, Dn,
C a constant

eq. (2)

2.) Using the combined set of all four parameters simultaneously:
=
SI (B1*D1) + (B2*D2) + (B3*D3) + (B4*D4) + C, where D1-4 are distancebased parameters

eq. (3)

Single variable GWR (eq. 2) indicates locations where that parameter is more or less
strongly correlated to SI (Fig. 2.6, parameter coefficients classified by quantile) and
provides an estimate of the overall variation potentially explainable by each
parameter (Table 2.1, regional summary). For each single variable GWR the
number of nearest neighbors was optimized using the Akaike Information Criteria in
ArcGIS 10.6, which minimizes the out-of-sample prediction error and provides
information on the relative quality of statistical models for a given set of data (Akaike,
1981). For our GWR optimization the number of nearest neighbors ranged between
26 (fault proxy parameter) and 51 (LGM proxy parameter). The overall R2 ranged
from ~0.43 to ~0.56 with the most SI variation explained by the fault proxy parameter
and the least by the LGM proxy. By the single variable GWR approach, the MGL
proxy had the highest average coefficient associated with its parameter (~0.50) while
the others were approximately equal (0.38-0.40). Because it is possible that the
coefficient magnitude varies partly as the number of nearest neighbors, quantitative
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comparisons of GWR parameter coefficients from this individual method may not be
comparable between different parameters.
When GWR was performed on SI with all parameters simultaneously (eq. 3)
(multivariable GWR with 25 nearest neighbors, pie chart map Fig. 2.7A, maximum
parameter map, Fig 2.7B) we were able to rank the relative effect of each
parameter, both regionally and locally, by comparing the absolute value of the
multiple variable GWR parameter coefficients and their distributions (Fig. 2.8, Table
2.2, 2.3). Regionally, our multiple variable GWR model can explain ~77% of the
overall SI variability. The model did not fit well in all areas, so the results presented
here in map view are filtered to include only points where R2 > 0.2601 (i.e. |R| >
0.51), which indicates at least a weak linear trend with SI and each local GWR
model. To rank the overall influence of each parameter, we compared its coefficient
magnitude sum across the model to the magnitude sum of all of the coefficients, and
thus we determined the influence of each parameter relative to all parameters as a
percent.

Interpretation
Fault control on drainage morphology
We used fault traces from the fault compilation to evaluate qualitative
relationships between the interpolated SI map and faults. South of the Kayak Island
Zone the 1.5 SI contour is near and subparallel to the Transition Fault. Two faults
near the deformation front of the Pamplona Zone bracket a narrow zone of V-shaped
profiles near the U/V 1.5 SI contour. Beyond the deformation front, profile shape
measurements tend to be V-shaped except for part of the slope west of the Yakutat
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Sea Valley mouth, where the SI was likely influenced more strongly by glacial
processes or high sediment flux.
In our single variable GWR, we used Euclidian distance from fault traces as a
proxy variable for fault processes. Where the magnitude of the GWR fault coefficient
is relatively large, we infer that fault-related processes had a relatively strong
influence on the SI. The results (Fig. 2.6A) indicate that the upper third of
coefficients ranked by magnitude are primarily located near the Transition Fault and
the near the Bering Trough in the Pamplona Zone. When used as a parameter in
single variable GWR the fault proxy best explained the regional SI and can explain
up to 56% of the interpolated SI variation overall. The size of the nearest neighbor
groupings, as optimized by the Akaike Information Criteria, suggests a more spatially
focused SI influence for fault zones and a broader influence attributable to ice sheets
on average.
The multivariable GWR (Fig. 2.7A.) shows that faults have a stronger
relationship with SI than other parameters locally along the Transition Fault south of
Kayak Island and just to the northeast of the Aleutian Trench near the Pamplona
Zone deformation front. For simplicity, Fig. 2.7B shows the distribution of locations
where each respective parameter had the largest local coefficient magnitude. The
fault parameter has the least total parameter influence on the model, but its
maximum parameter coefficient magnitude is greater than the MGL and similar to
the LGM parameter (Table 2.3). These spatial patterns and coefficient data suggest
that fault processes are the strongest control on drainage SI where faults or faultproximal processes significantly affect accommodation space and slope morphology,
which
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vary drastically near the Transition Fault and Pamplona Zone deformation front, but
have a limited SI influence when considered among the other parameters regionally.
Drainage morphology and ice sheet extent
We qualitatively compared the interpolated SI map with published ice sheet
extents of Manley and Kaufman (2002) for the MGL and LGM. The shallow area to
the southeast of the Kayak Island Zone was imprinted by ice sheet activity during the
period when the ice margin was close to the MGL since the ice sheet extent reaches
to the shelf break southeast of Kayak Island. Based on the LGM extent, two lobes of
the ice sheet appear to split near Kayak Island, defining the Kayak and Bering
Troughs. These trough areas are generally associated with zones of U-shaped
profiles in our interpolated SI map. The U/V 1.5 SI contour is also observed near the
western edge of the Bering Trough and along parts of the Kayak Trough. We
observe this SI contour southeast of Yakutat Bay to run subparallel to and within ~15
km of the LGM ice sheet extent. The colocation of the ice sheet extent, SI contour,
and zones of U-shaped features indicates a relationship where ice sheet related
processes strongly influenced the observed drainage morphology.
Comparing the spatial distribution of ranked coefficients of the single variable
GWR from each ice sheet proxy parameter reveals that their zones of influence and
intensity of effect differ. For the MGL (Fig. 2.6C) its upper third quantile coefficients
are well distributed on the shelf, but similarly ranked coefficients associated with the
LGM (Fig. 2.6D) occur almost exclusively near LGM lobes. The single variable GWR
of SI and the MGL can explain ~46% of the overall variation in SI, compared to
~43% for the LGM. The multivariable GWR shows that distance from the MGL is the

59

strongest explanatory variable among these predictors in the shelf area between the
former Kayak and Bering lobes of the LGM ice sheet (Fig 2.7B).
Large coefficient magnitudes for the LGM appear prominently associated with
the edge of the Malaspina lobe on the shelf, and to the southwest along the slope,
compared to the MGL, which has a stronger and more extensive signal in the
western half of the study area generally. Although the MGL explains more of the
overall SI variation in the single variable GWR, the LGM parameter boasts the
higher maximum local coefficient in the multiple variable GWR (33.9 vs 44.8), which
suggests that the regional influence of the MGL may be greater but the LGM has a
stronger local relationship in some areas, perhaps due to its more recent influence.
Despite these differences at the local scale, apparent in the GWR results, the
Kolmogorov-Smirnov (KS) test (Smirnov, 1939; Table 2.2) between the coefficient
distributions for the LGM and MGL showed that their coefficient distributions could
not be distinguished at the 5% significance level regionally. All of the other
parameter coefficient distributions were distinguishable by the KS test. Summaries
of the statistics for the multiple variable GWR coefficients are in Fig. 2.8 and Tables
2.2, 2.3. Combined, the ice sheet parameters carry ~68.8% of the total parameter
influence in the multiple variable GWR.
Drainage morphology and instability zones
To evaluate relationships between SI and regional instability we compared
our SI results to previously mapped or inferred zones of instability (Carlson et al.,
1975, 1980) (e.g. Fig. 2.6B). We analyzed 41 profiles that fell within 10 km of areas
noted to be failed or potentially unstable. We found that ~41% (17) of these profiles

60

were U-shaped, which was a higher proportion than our overall SI distribution. The
mean SI in these areas was 1.49 (near the 1.5 U/V SI crossover). This result was
similar to ice-sheet proxy variables, where ~39% (16) of profiles falling within 10 km
of the MGL were U-shaped with an average SI ~1.57. For the LGM extent, 50% of
the 22 profiles measured within 10 km were U-shaped, and the average SI among
these profiles was 1.61. There was significant overlap between the instability zones
and previous ice sheet extents, with the MGL ice sheet extent providing ~90% areal
containment of the instability zones (Carlson et al., 1975, 1980) and the LGM extent
providing ~60% containment.
Results from the single variable GWR showed that the distance from an
instability zone can account for ~48% of the interpolated SI variation which was the
second highest among the parameters we tested, closely followed by the glacial
extent parameters. Coefficients that ranked in the upper third quantile clustered near
the instability zones on the shelf and generally downslope of the instability zones
(Fig. 2.6B). In the multiple variable GWR, the instability parameter had moderate
local coefficient magnitudes (~2.16 on average) and the highest maximum local
coefficient magnitude (~52.88) which suggests that instability can have relatively
strong effects on SI at both regional and local scales. The distribution of
multivariable GWR coefficients where distance from a failure zone is the highest
magnitude are best associated with the failure zone near IODP site U1419, near the
deformation front of the Pamplona Zone southeast of the Bering Trough, and the
two-strand section of the Transition Fault near the failure zone south of Icy Bay. The
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instability parameter ranks third for total parameter influence (~18.8%) among the
parameters we evaluated.

Comparisons with geophysical data
Scope of comparison
We have shown that SI, faults, previous ice sheet extents, and regional
instability can be quantitatively linked spatially. In this section, we discuss our results
by comparing the GWR analyses and local SI with respect to instability zones, faults,
and glacial structures from marine geophysical data (sub-bottom imaging, and sidescan sonar) (Fig. 2.9-2.11, Fig. S. 2.2-2.3). We limit our discussion to shallow
features that apparently affect seafloor morphology and highlight features that have
not been subject of previous interpretations. More comprehensive structural and
stratigraphic interpretation of these data can be found in Worthington et al. (2008;
2010), Gulick et al. (2007; 2013), and Montelli et al. (2017). Supplementary text and
figures are provided for focus areas near the Yakutat Sea Valley (Fig. S. 2.2), and
Kayak Island Zone (Fig. S. 2.3).
Bering Trough Mouth
The area near the Bering Trough mouth (Fig. 2.10A) represents a zone
where faults and instability are important parameters, indicated by relatively large
coefficients. The single variable GWR maps are very similar here but the multiple
variable GWR has an area on the slope where distance from an instability zone is
the strongest parameter. This is bracketed to the north and west by areas more
explainable by thrust faults of the Pamplona Zone on the shelf and the Transition
Fault at the base of the slope. The mapped potential failure zone of Carlson et al.
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(1975) (near IODP Expedition 341 site U-1421 (Jaeger et al., 2014)) lies within an
area of interpolated U-shaped features, which become more V-shaped near the
deformation front of the Pamplona Zone and south of the Transition Fault. Because
their coefficients are similar in magnitude, we interpret that the influence of the ice
sheets is approximately equal, and possibly indistinguishable due to multicollinearity,
but the shallow nature of the failure observed in seismic data and location
downslope of the Bering lobe of the LGM ice sheet favor an interpretation that the
LGM had a stronger local effect than the MGL.
Geophysical data are consistent with our results, on seismic reflection profiles
STEEP 09 and GOA 2505, and on MiniSparker line 15 (~250-590 Hz, subbottom
profile) (von Huene et al., 1975) we observe shallow structures (Fig. 2.10B,C,D)
associated with the zone of potential failure at the mouth of the Bering Trough
inferred by Carlson et al., (1975). Seismic profiles STEEP 09 (Fig. 2.10B) and GOA
2505 (Fig. 2.10C) show low angle failures within the sediments of the upper slope,
and near the shelf-edge of GOA 2505 we observe potential near surface faults in the
upper section which disturb the seafloor. These sediment packages were described
by Montelli et al., (2017) as a seismic facies associated with mass failure deposits;
they interpreted discontinuities within this facies as slide scars in a trough mouth fan
sequence formed in the last 130 kyr. The slump near the surface of STEEP 09
affects the uppermost sediments less than 25 ms (two-way travel time, TWTT) from
the seismic sea floor. Based on the age model of Montelli et al., (2017) and
correlation by Worthington et al., (2018), this feature probably formed within the last
15 kyr. A gully-like feature on the downslope end of the slump in the seismic section
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may have initiated the failure; we observe that the chaotic seismic facies below the
failure becomes more coherent downslope of this gully suggesting its location
corresponds to the end of the basal detachment for the feature.
Transition Fault near Surveyor Fan
In the Surveyor Fan area, a mix of fault, instability, and ice-sheet processes
appear to control the SI (Fig. 2.11A, B). The multivariable GWR maps imply a
dominant LGM effect on the slope south of the Malaspina lobe of the LGM ice sheet
(e.g., Fig. 2.6B). No obvious structures related to direct ice sheet contact were
apparent on the slope in the seismic reflection profiles, which start to the south of the
ice sheet extents, but it is likely that the indirect effects of ice sheet related
processes around the time of the LGM left a lasting impression on the seafloor
morphology resulting in a measurable trend by the GWR technique. Along line
G175-404C, collected across the Transition Fault separating the Yakutat Microplate
and the Pacific Plate (Fig. 2.11C-E), we observe shallow slide deposits on the upper
slope indicated by irregular reflectors in the seismic profile downslope of potential
headwall scarps (Fig. 2.11E). The surface appears hummocky and the slope form is
linear or convex up. The potential headwall scarp in the seismic section, and the
hummocky zone of U-shaped drainage features correlates with the nearby zone of
potentially unstable sediments mapped by Carlson et al., (1975). Mottled patterns in
the GLORIA sidescan sonar (near top of Fig. 2.11B) probably represent variable
tilting of the seafloor by small-scale instabilities and are also observed near the shelf
edge and slump visible in seismic sections STEEP 09 and GOA 2505 (GLORIA not
shown here).
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Our results in this focus area compliment previous findings. Swartz et al.,
(2015) found that this is a prograding portion of the slope with a high sediment
supply, and Sawyer et al., (2017) suggested that despite seismic-strengthening
effects often observed in active margins, in the Gulf of Alaska, landslide potential is
greater due to high sedimentation rates, overpressure, and earthquake shaking.
Although the fault parameter has a low contribution here according to the multiple
variable GWR, the lower slope profile appears more concave below the intersection
with the Transition Fault and the U/V 1.5 SI contour is interpolated subparallel to the
fault, which suggests some tectonic influence. Small-scale slide structures appear to
have created many U-shaped profiles on the upper slope; while south of the
Transition Fault, V-shaped profiles on the seafloor seem to indicate stacked lobate
flows, or bedforms created by turbidites or contourites (Fig. 2.11D). These
observations provide a clear geographic link between mass wasting and high
sedimentation rates due to past ice sheet proximity, perhaps enhanced by proximity
to the active Transition Fault.

Discussion
Many glacial processes and instability can create U-shaped cross-profiles
(e.g., Hirano and Aniya, 1988), and faults and fluvial erosional processes are likely
to be associated with V-shapes (e.g., see discussion in Gales et al., 2012), but these
processes are incompletely understood and variable (e.g., Harbor, 1995; Li et al.,
2001). Therefore, we focused our interpretation on the magnitude of the effect (i.e.,
the absolute value of the GWR coefficients) and not the sign of the effect. Our
choice to use the interpolated SI slightly inflated the explained variance, but provided
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a more continuous data set and served as a smoothing operation. For example, the
fault distance parameter in the single variable GWR explained ~56% of the
interpolated SI variation but only ~45% of the observed SI. We believe that
additional parameters (e.g., width, depth, aspect, and curvature) are important to
understanding the remaining variation, particularly where our model was a poor fit,
but that these parameters may require a finer sampling resolution and a smaller
scale of study to be well represented.
Lithology can be an important factor in the evolution of channel morphology,
particularly where rock mass strength is variable (e.g., Augustinus, 1992); we did not
explicitly use a lithology parameter because the exposed upper sequence is
primarily composed of one lithology with gradational changes (see site summaries
U1418-U1421 in Jaeger et al., 2014). Throughout much of the northern Gulf of
Alaska, the shelf-slope is composed of muddy clast-rich to clast poor diamict
interbedded with mud, grading to more mud-dominated units with interbedded silt
and occasional muddy diamict towards the deep sea Surveyor fan (Jaeger et al.,
2014). The near-surface lithology is likely determined largely by past ice sheet
distribution and is partly approximated by the use of ice sheet proximity parameters.
There is a growing body of work including SI in the marine realm but most
studies were traditionally performed on surfaces that formed above sea level or from
direct ice contact, and processes which result in U- or V-shapes in the marine realm
are relatively poorly understood. Mapping of glacial-marine features in highresolution DEMs (Dowdeswell et al., 2006; Ottesen et al., 2017) shows gross
similarity between many typical terrestrial structures associated with glaciers, and
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shallow glaciomarine structures. Much of the Gulf of Alaska shallow shelf may have
been subaerial or sub-ice during glacial periods as sea level was lower during these
times (e.g., see discussion in Berger et al., 2008). Thus for shallow regions of the
shelf, a traditional interpretation of U- and V-shaped cross-profiles appears valid,
where U-shapes are more associated with glacial actions (Hirano and Aniya, 1988).
Previous workers have associated marine U-shaped cross-profiles with instability;
Gales et al., (2012, 2014) documented U-shaped slide scars in the Filchner Trough
of the Antarctic Weddell Sea, and it is reasonable that many slides and failure scars
involving a detachment horizon would have a wide base and therefore be U-shaped
in cross-profile. Marine channels created by levee aggradation are also likely Ushaped; experimental work on submarine levee deposit geometries shows that
sediment-laden overbank flows create deposits which thin away from the levee crest
according to a power law or exponential function (Kane et al., 2010). We believe that
infilling by mass movement over existing channels, canyons, or gullies, may also
behave in a similar manner which would likely cause SI to trend towards U-shapes in
unstable areas, or with progressive infilling.

Conclusions
We analyzed the distribution of drainage feature SI and its relationship to
several parameters throughout the northern Gulf of Alaska to investigate SI controls
along a convergent, glaciated margin. U-shaped features appeared more commonly
within previous glacial extents while a greater percentage of V-shapes occurred
away from ice sheet extents. Glaciers and ice sheets are well known as highly
erosive agents onshore which are often associated with U-shaped drainage cross67

profiles (e.g. Harbor, 1995; Hirano and Aniya, 1988); we found that zones of Ushaped SI largely overlapped with the distribution of instability zones and ice sheet
extents in the marine environment.
The amount of variation in SI explainable by the parameters in our study
illustrates that fault location, regional instability, and ice sheet history should be
considered in models of shelf and slope development in high-latitude regions. Our
study establishes three relationships that could be used as potential indicators of
these processes and their intensities in similar, less-studied continental margins:
1) In many portions of our study area, faults were coincident with the U/V 1.5 SI
contour and provide an apparent control on SI in some seismic sections. Faults
appear to have a strong but relatively narrow zone of influence, as indicated by our
multivariable GWR results which demonstrate that fault location explains the least
model influence overall, but still has relatively large local coefficients.
2) We observed instability structures including slumps, slides, debris flows,
hummocky surfaces, and lensoidal sediment packages that correlated well with the
locations of the instability zones of Carlson et al., (1975, 1980); these areas also
contained many U-shaped cross-profiles and often overlapped with the MGL and
LGM extents on the shelf, or rapidly-accumulating fans on the slope and in deeper
water. U-shaped feature cross-profiles may represent the presence of weak
sediments or result from numerous glacial or glaciomarine processes, such as
reshaping due to high sediment flux, and should be interpreted carefully.
3) Past ice sheet extents had the highest average parameter coefficients, the
greatest total parameter influence in the multiple variable GWR, and the broadest
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geographic effect indicated by the single variable GWR. Thus, regional glaciomarine
processes represent the strongest and most widespread influence on SI in the
northern Gulf of Alaska.

Supplementary Text: Comparisons with geophysical data
Yakutat Sea Valley area
This area on the eastern edge of the Yakutat Sea Valley (Fig. S. 2.2A, B)
represents a zone where ice sheets and instability appear to be the strongest
parameters influencing the SI according to the GWR. We observe arcuate variations
in the GLORIA data consistent with the development of slump blocks that also
interrupt an otherwise continuous GLORIA pattern along the east side of the trough.
At the trough mouth we observe glaciogenic debris flows extending up to 20 km to
the south-southwest onto the slope based on the GLORIA data that show a mix of
high and low backscatter response. Bathymetric profiles through the slump
(identified by Carlson et al., 1980) are consistent with profiles from other known
mass failures (e.g. Elverhøi et al., 2002) and show normal slopes relative to nonfailed portions of the trough wall away from the slump. Seismic section FW 074
shows possible near-surface lensoids, offset reflectors, and a seismic facies with
hummocky discontinuous horizons in this section, which may suggest mass-driven
failure of these sediments. The overall seismic character of the upper section
persists as deep as the upper 50 ms and possibly as deep as the upper 300 ms, and
is probably the same slump interpreted by Carlson et al., (1980). Seismic line FW
042 crossed the failed zone of Carlson et al. (1980) and within its uppermost
sediments we interpret many small relatively high angle disruptions to be faults
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associated with slumping. A small offset near the SE end of the section, which
appears to slightly disturb the seafloor, is possibly the detachment fault scarp
associated with the southeastern edge of the slump.
We had few observations of SI here, and the multiple variable GWR had a
poor fit in this area overall, therefore most of our discussion involves the interpolated
SI map and single variable GWR. The interpolated SI map shows that the U/V 1.5 SI
contour intersects this failure zone. The intersection with the 1.5 SI contour, that
both previous ice sheet extents have covered this area, the lack of major faults, and
that the slump occurs on the side of the glacially influenced Yakutat Sea Valley all
imply a strong local ice sheet influence. Consistent with these observations, the
single variable GWR revealed that the fault proxy was the least compatible
parameter at this location, followed by the LGM extent, while the highest influence
was attributable to the failure zones and the MGL that locally had the highest
number of points with coefficients in its upper third quantile.
Kayak Island area
Between the Kayak and Bering Troughs, near IODP Expedition 341 site U1419 (Fig. S. 2.3), we observe a relatively flat zone (~100 km2) on the upper-mid
slope which we confirm to be a slump in the zone marked by Carlson et al. (1975)
and linked to the presence of local flower structures (Gulick et al., 2013; Worthington
et al., 2008). The individual GWR map for the instability proxy parameter displays a
large cluster of values in the upper quantile that surrounds this instability zone. The
multivariable GWR shows that the instability distance is the strongest parameter
within this failure zone as well as on the shelf just to the NW. Coefficients associated
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with the fault parameter imply that fault influence is strongest near the deformation
front in several areas to the south; this suggests a mix of localized influences of
faults and failure zones. Away from the slump-flower structure, the MGL appears to
be the dominant local SI control among these parameters on the shelf to the north
and west. This structure has a large impact on the local shelf-slope morphology and
SI as evidenced by the landward bulging contours, which indicate retreat of the shelf
edge, and the adjacent location of the U/V 1.5 SI contour. In this region faults and
instability play significant roles in the determination of the drainage SI, and this
interpretation matches well with the local geophysical observations.
Discontinuous subsurface reflectors and lensoidal packages were observed in
GOA 3101, GOA 3102 and STEEP 13 seismic reflection profiles in the uppermost
sediments but some continuity is present below these shallow disconnected beds,
which appear to be detached from lower strata (Fig. S. 2.3B-E). Our interpretation
is compatible with Worthington et al. (2008) which proposed a slump or
transtensional flower structure near Khitrov Ridge based on seismic interpretation of
GOA 3101, except that we propose a more extensive upper failure zone separated
from the deeper structures by continuous strata (Fig S 2.3B). Additional nearby
geophysical data also seems to indicate extensive shallow failure. The chirp profile
near the shelf edge (Fig. S. 2.3C) and seismic section GOA 3102 (Fig. S. 2.3D) both
appear to contain lobate mounded structures that resemble the early development of
slump blocks. The mid-slope section of seismic profile STEEP 13 (Fig. S. 2.3E)
clipped the eastern edge of the structure’s topographic expression and shows little
evidence of direct seafloor offset by the deeper faults observed by Worthington et al.
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(2008) in GOA 3101, however the evidence for mass-driven instability is high.
Discrete slump blocks in the upper sediments, headwall scarps, and a general
hummocky surface along the slope, which appears to contain sediment lensoids, are
consistent with a shallow detachment. The slump blocks in seismic section STEEP
13 suggest net motion with a component in the opposite direction of the prevailing
regional slope, which is likely structurally driven by the uplift of the topographic high
to the SSW, and thus seem to provide a direct link between regional faults and local
failure response.
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Figures

Figure 2.1. Regional overview of significant geologic features. The Pamplona Zone
(PZ) is shown as light brown tint. Yakataga fold and thrust belt (YFTB) onshore
shown in dark brown. The Bering (BG) and Malaspina Glaciers (MG) are shown in
light blue tint (GLIMS and NSIDC, 2018). The Yakutat microplate outline (YAK) is
derived from Eberhart-Phillips et al. (2006). Faults are from Koehler et al. (2012)
except within the Pamplona Zone, which is displayed as a generalized outline after
Worthington et al., 2010. Transition fault (TF), Queen Charlotte-Fairweather fault
(QCF), Aleutian Megathrust (AM), Gulf of Alaska Shear Zone (GSZ), Kodiak Island
zone (KIZ), Denali fault (DF), Surveyor (SF), Baranof (BF), and Zodiak fans (ZF),
locations approximately as labeled. Smoothed 0 m contour and coastal elevations
shown from Alaska Coastal Relief Model data (Lim et al., 2011). Figure 2.2 location
is shown as yellow outline.
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Figure 2.2. A. Study area features and bathymetry (Zimmerman and Prescott, 2015)
shown in colored gradients. Black and white gradient (above MSL) is AK CRM
model elevations (Lim et al., 2011). IODP drilling sites U-1418 - U-1421 are shown
as yellow circles (Jaeger et al, 2014). Bering (BG) and Malaspina Glaciers (MG) are
shown in light blue tint (GLIMS and NSIDC, 2018). Approximate feature locations
labeled for Kayak trough (KT), Bering trough (BT), Aleutian trench (AT), Khitrov ridge
(KR), Yushin ridge (YR), Yakutat sea valley (YSV) and Surveyor fan (SF) B.
Drainage network produced with 800 contributing cells and filtering process
described in text is shown as thin black lines. Extracted profiles are white lines, with
center dot indicating analysis status (measured profiles shown with teal dot, rejected
profiles with black dot). Data near (< 1 km distance) survey track lines, shown in light
red, were removed from consideration as described in the text.
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Figure 2.3. Shape index histogram. Histogram of SI from 347 profiles in the northern
Gulf of Alaska and Pamplona Zone compilation. The mean is shown as red dashed
line. Examples of various SI are shown below the plot.
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Figure 2.4. A. Interpolated map of SI throughout the study area shown as blue-orange gradient.
Profiles used to measure SI are shown as green points. Rejected samples are shown as black
points. The U/V 1.5 SI contour is shown in brown.
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Figure 2.5. Principal Component Analysis results of all extracted parameters
excluding x,y, coordinates and viewed from the A. Component 1, component 2 axes
B. The component 2, component 3 axes. Abbreviations: 'mgl‘ – distance from max
glacial extent of Manley and Kaufman (2002), 'lgm‘– distance from last glacial max of
Manley and Kaufman (2002), ‘fd‘ – distance from a fault, 'crlD‘ – distance from an
instability zone (Carlson et al., 1975, 1980), ‘other’ includes parameters described in
the text, which cluster closely in this diagram.
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Figure 2.6. Results of the individual parameter GWR. In each case, coefficient magnitudes were ranked and
grouped into three quantile groups and shown as yellow, blue, or red plus marks. SI interpolation shown as blueorange gradient overlay, as in Fig. 2.4. A. Faults. B. Instability zones. C. MGL extent. D. LGM extent.
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Figure 2.7. Multiple variable GWR maps. A. Coefficient pie charts show the
distribution of local parameter coefficients and their relative magnitudes. B.
Locations show the parameter associated with the greatest magnitude of local
parameter coefficient. Significance is indicated by a black dot if any of the
coefficients were locally significant at the 5% level. Bathymetry symbolized as in Fig.
2.2, features (faults, ice sheet extents, instability) as in Fig. 2.6.
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Figure 2.9. Focus area overview. Location of Figs. 2.10-2.11, and S. 2.2-2.3
as black outlines. Select survey lines discussed in text shown as colored
and numbered lines. Features and elevation symbolized as in Fig. 2.7.
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KT

Figure 2.10. Focus area near mouth of Bering Trough. Location is shown in Fig. 2.9.
A. SI pie chart map and major features, symbology as in Fig 2.7. Approximate extent
of geophysical sections shown as bold colored and numbered lines. The Pamplona
zone deformation front is labeled as PZDF. B. Slide feature visible in seismic
sections STEEP 09 (bold pink line) and, C. GOA 2505 (bold blue line). D.
MiniSparker line 15, location shown as bold red line. (TWTT = two way travel time)
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Figure 2.11. Shelf-slope near western edge of the Yakutat Sea Valley. A. SI pie
chart map. Symbology as in Fig. 2.7, except faults after Gulick et al., (2013) for
detail. B. GLORIA sidescan sonar black and white gradient (Paskevich et al.,
2011). C. Seismic section G175-404C. Red lines approx. locations of faults in
subsurface. Brown line SI = 1.5 contour. D. V-shaped bedforms (stacked lobate
flows?) E. upper section mostly U-shaped bedforms (possible slide structures?).
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Figure S. 2.1. Correlation matrix. Abbreviations: 'x‘ – x coordinate in m UTM, 'y‘ – y coordinate in m UTM,
'mgl‘ – distance from max glacial extent of Manley and Kaufman (2002), 'lgm‘– distance from last glacial max of Manley
and Kaufman (2002), ‘fd‘ – distance from a fault, USGS compilation, 'sobel‘ – combined NS/EW edge detection filters on
bathymetry, 'depth‘ – depth according to bathymetry, 'mapSI‘ – value of SI according to SI interpolation map, 'asp‘ –
aspect, 'slope‘ – calculated slope from bathymetry in degrees, 'relie‘ – from extracted ‘channel’ max-min, 'width‘ – from
extracted ‘channel’, 'fitSI‘ – SI value by least squares fitting of power function, 'crlD‘ – distance from one of Carlson’s
zones of instability, 'CRVpln‘ – curvature of bathymetry measured perpendicular to slope,'CRVpro‘ – curvature of
bathymetry measured in the direction of slope, 'CRV‘ – ‘standard’ curvature (i.e., the local maximum magnitude of
curvature).

91

Figure S. 2.2. Yakutat Sea Valley. Location is shown in Fig.2.9. A. GLORIA
sidescan sonar as black and white gradient (Paskevich et al., 2011). Dashed
polygon indicates interpreted GLORIA signal of slump zone. B. SI pie chart map
and major features, symbology as in Fig. 2.7. C. Seismic reflection sections FW 074
and D. FW 042, locations are shown in teal (approximate extent). E. Bathymetric
profiles through the slump (yellow lines on map, profile A) F. bathymetric profile B.
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Figure S. 2.3. Area near Kayak and Bering Troughs. Map location is shown in Fig.
2.9. A. SI pie chart map. Symbology as in Fig. 2.7. B. GOA3101 seismic reflection
profile, C. chirp profiles, and D. GOA3102 profile locations shown as blue lines,
older STEEP surveys shown in pink (extents approximate). E. STEEP13 seismic
reflection profile.
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Fault Dist.
Instability
MGL Extent
LGM Extent

R2
0.56
0.48
0.46
0.43

mean|local coeff.|
0.39
0.40
0.50
0.38

max |local coeff.| AIC #NN
1.48
26
1.74
36
4.76
41
1.41
51

Table 2.1. Single variable GWR summary. AIC #NN is the number of nearest
neighbors optimized by the Akaike Information Criteria (AIC) (Akaike, 1981)
minimization option in ArcGIS 10.6.

Faults Inst.
Faults

MGL LGM

--

Inst.

1

MGL

1

1

LGM

1

1

--

--

--

---

0

Table 2.2. Kolmogorov-Smirnov (e.g., Smirnov, 1939) tests among unsigned
distributions. Test performed at 5% significance level.

mean|local Coeff.|

max |local coeff.|

sum

model influence (%)

Fault Dist.

1.42

40.24

556.25

12.32

Instability

2.16
3.86

52.88

846.68

MGL Extent

33.89

LGM Extent

4.08

44.80

1513.84
1597.48

18.76
33.53
35.39

Global R 2 ~ 0.77, mean local coeff. ~ 3.19, 25 nearest neighbors in GWR

Table 2.3. Multivariable GWR summary. Model influence was determined as
described in the text.
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Chapter 3
Overpressure in the Bering Trough region, northern Gulf of Alaska: Velocity-porosity
analysis of shallow glaciomarine sediments
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ABSTRACT
The Bering Trough preserves a climate-sensitive record of ice sheet history
and tectonics along the southern Alaska margin, where convergence between North
America and the Yakutat microplate forms the large-scale St. Elias orogenic wedge,
which includes the submarine Pamplona Zone fold-thrust belt. Tectonic and
glaciomarine processes such as rapid syntectonic sedimentation, slope failure, and
lateral contraction have produced spatially varying deformation, compaction, and
fluid pressure in the shallow sedimentary sequence. We created seismic velocity,
porosity, and overpressure models using wide-angle streamer tomography and data
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from Integrated Ocean Drilling Program Expedition 341. Our models cross the
Bering Trough, probing sediments of the shelf, trough, and trough mouth fan.
Sediment packages with low P-wave velocity (Vp) in the trough and on the slope
correspond to seismic facies consistent with subglacial and trough mouth fan
paleoenvironments. Velocity variations across the shelf-slope can be explained by
pore pressures enhanced up to ~18% compared to hydrostatic pore pressure near
the Bering Trough mouth -- generated as a result of ice sheet-related, rapid
accumulation of sediments within the last few glacial cycles. Within the trough,
overpressure is spatially variable and apparently related to loading and structural
interaction. The distribution of overpressure in the Bering Trough region is an
example of climate-tectonic feedback where climate-driven rapid sediment
accumulation in parts of the Pamplona Zone fold-thrust belt is linked to modulation of
fault activity by rapid mass redistribution, shelf-slope migration, and slope instability.
The combined effects of these processes may influence overall wedge dynamics in
the St Elias-Pamplona Zone on the ~1.5 Myr scale but individual structures may
have a much more rapid response time.

Introduction
Climate and tectonic processes affect the distribution of sediments in high
latitude convergent margins. In the northern Gulf of Alaska (GoA) (Fig. 3.1),
sediments are sourced by erosion from uplift and glaciation of the St. Elias Orogen;
these sediments record tectonic processes related to the oblique, low angle
subduction of the Yakutat microplate, an extant oceanic plateau (Christeson et al.,
2010). Apparent readjustment to intense periods of mass redistribution is illustrated
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in the structural-stratigraphic patterns of the submarine Pamplona Zone fold-thrust
belt, the offshore extension of the St. Elias Orogen. Particularly near the Bering
Trough mouth and shelf edge, where the fault-suppression of individual structures
seems to depend on locally high sedimentation on the wedge top and trough mouth
fan on the upper slope near the deformation front (Worthington et al., 2018).
High sedimentation rates have been associated with overpressure in the
region, which may persist for up to 8 Myr based on numerical modeling (Daigle et
al., 2017). Overpressure may affect the deformation style and distribution at a range
of scales from individual structures to the regional-orogen scale (e.g. Daigle et al.,
2017; Worthington et al., 2018), and is related to the development of shelf-slope
geometry and hydrologic properties in other glaciated regions (e.g., the Western
Barents Sea as discussed in Llopart et al., 2018). Wedge geometry is strongly
influenced by the balance of sediment influx versus sediment efflux (e.g., Simpson,
2006; Willett, 1999; Wu and McClay, 2011). A glaciated critical wedge under net
efflux should result in a narrower orogen, internal deformation, and increased
tectonic erosion and fault steepening near the deformation front (e.g., Berger et al.,
2008a; Simpson, 2006, Tomkin and Roe, 2007; Whipple and Meade, 2004) on a
~1.5 Myr (e.g., Mannu et al., 2016) ~0.2 - 0.4 Myr (Fillon et al., 2013) timescale. In
contrast, increased syntectonic sedimentation results in a decreased number of
wider thrust slices, decreased internal shortening, decreased critical taper angle,
and a wide wedge-top basin (Simpson, 2006; Storti and McClay, 1995).
Overpressure is an important factor in determining wedge structure and may control
the taper angle (e.g., Davis et al., 1983; Saffer and Bekins, 2002), natural hydraulic
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fracturing (Boehm and Moore, 2002; Hubbert and Willis, 1972), and mass wasting
such as landslide detachment (e.g. Flemings et al., 2008; Sawyer et al., 2017).
In the Bering Trough region, previous work has shown that in the shallow
subsurface there is a balance between frictional sliding and fault shut-off determined
partly by the competing effects of overpressure which enhances fault slip, and
loading by climate-driven regional mass redistribution, which increases the normal
stress and decreases the likelihood of slip (Worthington et al., 2018). Regional mass
redistribution is enhanced because overpressured shallow sediments of the shelf,
slope, and deeper ocean basin display decreased shear strength relative to other
active margins and follow a trend more similar to passive margins (Sawyer et al.,
2017), while active-margin slope stability is typically enhanced by seismic
strengthening (e.g., Lee et al., 2004; Sawyer and Devore, 2015). In this study, we
present models of overpressure developed from the inversion of seismic refraction
data and integration of IODP Expedition 341 core-log data in the Bering Trough
shelf-slope region, and discuss our results in terms of local and regional structuralstratigraphic significance.
Geologic Setting
In the northern GoA, several shelf-crossing troughs developed during glacial
advance and retreat cycles. The modern Bering Trough is ~25 km wide and 55 km
long, and was formed as a result of Late Pleistocene erosion by the Bering Glacier
(Carlson, 1989). The Bering Glacier is the largest temperate glacier globally with an
area of ~5,200 km2, and drains ~15% of glacier ice in Alaska (Molnia, 2010). Since
the early-mid Pleistocene, the Bering Trough region has been the focus of
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deposition, but since its formation on the shelf starting ~130 ka. the Bering Trough
has been the primary sediment depocenter on the shelf (e.g., Montelli et al., 2017;
Reece et al., 2011; Worthington et al., 2010). Since ~130 ka, the Bering Trough has
been the conduit for ~925 km3 of sediment deposited on the shelf and slope
(Montelli et al., 2017). Previous investigations of the tectonic and structural evolution
of the Bering Trough region have suggested climate-tectonic feedback such as out
of sequence faulting, and structural abandonment in response to climate-driven
mass redistribution in the form of rapid denudation and rapid deposition (e.g., Berger
et al., 2008a, 2008b; Pavlis et al., 2012; Plafker et al. 1994; Worthington et al., 2010,
2018).
The sediment is sourced from glacial-tectonic enhanced erosion of the St.
Elias syntaxis, which represents some of the fastest uplift and denudation rates in
the world; exhumation rates are up to ~5 km/My (Enkelmann, 2015). Flat slab
subduction of the Yakutat microplate is a result of convergence with North America
since ~36 Ma (Finzel et al., 2011) with significant modifications including increased
uplift at ~15 Ma (Enkelmann et al., 2017) and clockwise rotation of the Pacific Plate
~6 Ma (Doubrovine and Tarduno, 2008; Gulick et al, 2013). The St Elias syntaxis is
a probable locality for tectonic aneurysm (e.g., discussed in Enkelmann et al., 2015),
a feedback mechanism where increasingly weak rocks are brought to the surface by
focused uplift and erosion (Koons et al., 2013). The increased denudation by
efficient glacial processes onshore has resulted in extremely high sedimentation
rates offshore and pore pressures that are anomalously high for accretionary wedge
slope sediments (Daigle et al., 2017). Since ~6 Ma., the St. Elias orogen had
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attained significant uplift, and orogenic capture led to intense glaciation of the
orogen in three main pulses (~5.5 - 4.2, 3 - 2.5, and since ~1.2 - 0.7 Ma) (Berger et
al., 2008a; Lagoe and Zellers, 1996; Rea and Snoeckx, 1995). More intense
glaciation since the mid-Pleistocene transition to longer more intense glacialinterglacial climate cycles resulted in high rates of syntectonic sedimentation and
progradation of the shelf near several trough mouth areas, and enhanced growth of
the Surveyor Fan (e.g., Gulick et al., 2015, Jaeger et al., 2014; Reece et al., 2011).
Plate reconstructions through the Quaternary suggest that convergence rates have
been relatively constant across the orogen (Gulick et al., 2013), therefore climatedriven variations in sedimentation rate appear to explain deformation patterns
offshore with strain localization occurring away from the locus of major deposition
since the PPT (~2.6 Ma)(Worthington et al., 2010; 2018).
Overpressure has been confirmed at the borehole scale in the Pamplona
Zone (e.g. Daigle et al., 2017; Jaeger et al., 2014). Previous work has shown it is
possible for overpressure to affect fault frictional sliding based on fault geometries,
regional history, and sediment properties (Worthington et al., 2018). Overpressure in
the GoA upper sediments is also partly a result of convergence, up to 60% of the
total shortening across the orogen could have been accommodated by porosity loss
during convergence-driven compaction (Van Avendonk et al., 2013). Deposition and
erosion have been spatially and temporally variable. Erosion has been focused
onshore in the St. Elias syntaxis (e.g. Berger et al., 2008a; Enkelmann et al., 2015),
but deposition has focused offshore in the Pamplona Zone and Surveyor Fan (e.g.
Gulick et al., 2015; Reece et al., 2011). From ~2.8 - 1.2 Ma the tectonic influx was
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greater than sediment efflux but, following the mid-Pleistocene transition (~1.2-0.7
Ma), there was an overall efflux of sediment from the orogen, with erosion and
transport exceeding tectonic influx by 50-80% overall (Gulick et al., 2015).
Since then, deposition in the Bering Trough shelf-slope region has been
spatially and temporally variable, with rates averaging ~1 km/Myr on the shelf, and
up to ~10 km/Myr on shelf edge and upper slope (Worthington et al., 2018). The
result has effectively lowered the taper angle of the offshore portion of the wedge
(Berger et al., 2008a), as predicted by analog and numerical models of coulomb
wedges under high levels of syntectonic sedimentation (e.g., Mannu et al., 2016;
Simpson, 2006; Storti and McClay, 1995). Syntectonic sedimentation on the wedgetop and near the deformation front may suppress structural reorganization (Simpson
2010) and activity on discrete structures (Worthington et al., 2018). Alternatively,
pore-pressure increases may play a significant role in maintaining small taper angles
(e.g. Davis et al., 1983; Saffer and Bekins, 2002; 2006) and may indicate porosity
loss due to compaction during shortening in the GoA. It is estimated that layer
parallel shortening, lateral compaction, and porosity loss may explain up to ~80% of
the offshore shortening (~53 km total shortening offshore, ~94 km total shortening
across the larger wedge) during the last ~2 Myr (Van Avendonk et al., 2013).
The Bering Trough and Pamplona Zone is an ideal setting to study climatetectonic response in syncontractional glaciated orogens but there are many
complications. Much literature discusses regional deformation in terms of a critical
taper wedge (e.g., Berger et al., 2008a, 2008b; Daigle et al., 2017; Gulick et al.,
2015; Meigs et al, 2008; Worthington et al., 2010, 2018) but the geometry and exact
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limits of the wedge are poorly defined, and the thick- to thin-skinned tectonic
transition from east to west (Plafker, 1987; Pavlis et al., 2012), spatially variable
sedimentation and erosion, lag times of climate-tectonic response, and overall
geometry of the wedge relative to the shelf break, make it difficult to define wedge
geometric properties. For example, the thrust belt is wider to the west partly because
of greater convergence within the central part of the orogen (e.g. Pavlis et al., 2012).
We define the large-scale wedge as we refer to it in this paper, as a thrust
dominated system with a southern deformation front located on the upper slope in
the GoA near the Bering Trough (e.g. Worthington et al., 2010; 2018) and with a
backstop in the west beyond the Kayak Island Fault, and to the north and east the
backstop is beyond the south-dipping Bagley-Bering fault (Berger et al., 2008a,
2008c) (Fig. 3.1).

Materials and Methods
Marine seismic data & travel-time tomography
We used multichannel reflection-refraction data (Gulick et al., 2008; doi
10.7284/901986) collected as part of the St Elias Erosion and Tectonics Project
(STEEP; e.g., Pavlis et al., 2019) aboard the R/V Marcus Langseth in 2008. This
survey was performed with an 8 km streamer with 636 receivers and a spacing of
12.5 m; the source consisted of a 6,600 in3 36 airgun array, at a 50 m shot spacing.
Our study focuses on data in the Bering Trough area, and includes analysis of
STEEP lines 07B, 09, and 15 (Fig. 3.1). For our tomographic analysis of these lines
we used 4,958, 23,565, and 18,591 first arrival picks respectively, which represent
travel times of a shallow refracted phase. Picking of first arrivals was performed
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manually on every tenth shot-gather which was band-pass filtered using the tapered
sin filter as a polygonal bandpass filter (Stockwell, 1999). We applied the tapered sin
filter with corner frequencies such that we maximized the 15-25 Hz signal range and
decreased low and high frequency noise.
We used tomographic inversion to constrain the shallow subsurface Vp with
our picked wide-angle first-arrival times. This method was executed using VMtomo
(e.g. Van Avendonk et al., 2004) a collection of programs, which iterates between
raytracing and inversions and allows for resolution and error analysis. The raytracing
scheme employed here is the graph method, a forward method where forward-star
raypaths are approximated by straight line segments between grid points, and the
cumulative travel time is minimized according to Fermat’s principle (e.g., Moser et
al., 1992; Roland et al., 2012; Toomey et al., 1994; Van Avendonk et al, 1998).
Inversion follows the methods described in Van Avendonk et al., 2004, who express
the travel time residual as a linear combination of velocity perturbation along the
raypath and depth change of each layer boundary passed by the ray; an acceptable
solution is found when the model converges with low RMS misfit compared to the
estimated pick error and overall misfit 2 ~1. We provided simple 2 layer starting
models constrained by core-log data from Exp. 341, with the only layer boundary
composed of the sea floor; we used a grid size of 50 by 10 meters and a nominal
pick uncertainty of 25 ms throughout the processing. We imposed a velocity-depth
relationship within the sediment layer based on sampling (100 m interval) the
checkshot model for IODP Site U1421 (e.g., Clary et al., 2017; Jaeger et al., 2014;
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Montelli et al., 2017). Seafloor bathymetry was extracted from a digital database
(GMRT, Ryan et al, 2009), using the navigation files associated with the survey.
We also compared our models to coincident processed reflection seismic
data (e.g., Gulick et al., 2013, doi 10.1594/IEDA/500023) by transforming our
models to the time domain and applying an overlay based on seafloor matching. The
reflection data was processed using trace regularization, normal moveout correction,
band-pass filtering, muting, stacking, and frequency-wavenumber migration (Gulick
et al., 2013; Worthington et al. 2010). We use these data overlays to compare our
velocity, porosity and overpressure models with sub-seafloor structure. The vertical
resolution of this data is ~30 m at the seafloor (Worthington et al., 2010).
Core-log data
Porosity is often predicted from seismic velocity observations (e.g., Erickson
and Jarrard, 1998; Hoffman and Tobin 2004, Van Avendonk et al., 2013;). For
determining a Vp-ϕ relationship the P-wave velocity below the sea floor was based
on analysis of IODP Expedition 341 core-log data from site U1421 (Clary et al.,
2017) which had good recovery of the upper section and was located on the upper
slope (Jaeger et al., 2014). For the upper ~700 mbsf our Vp measurements were
sourced from core-based P-wave measurements calibrated to downhole sonic
velocity observations that were filtered for outliers (> 3 SD) and smoothed by a 19sample (~40 cm) moving average (Clary et al., 2017). The interpolated porosity
curve was created using core samples from site U1421 (Daigle and Piña, 2016;
Daigle et al, 2017). We created a compilation of depth-matched interpolated physical
properties measurements for P-wave velocity, porosity, and gamma ray (Fig. 3.2).
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The Vp-ϕ compilation data showed a poor fit with the high and low
consolidation curves that describe the velocity-porosity trends expected in fan and
shelf sites respectively (Erickson and Jarrard, 1998). We used generalized least
squares to find a local fit to the generalized velocity-porosity equation form for A, B,
C, and ϕc (e.g. Hoffman and Tobin, 2004; Van Avendonk et al., 2013).
VP = A + B ϕ + 0.305/[(ϕ + C)2 + 0.305/(1.51 – A – B) – C2 – 2C – 1]
+ 0.61(vsh – 1.123)[Xm] , where Xm = tanh[40(ϕ – ϕc)] – |tanh[40(ϕ – ϕc)]|
eq. (1)
vsh is the percent shale, and was calculated from an interpolation of the gamma ray
log as:
vsh = 0.083 (2)((3.7 IGR) - 1),

eq. (2)

where IGR is the ratio of the log gamma ray value to a shale baseline, normalized by
the sand baseline, and the sand and shale baselines are determined by the logmaximum and minimum gamma ray values in API units (Dresser Atlas, 1982). We
used a corrected vsh profile interpolated from the gamma ray log, that corrected for
effects of logging through drill pipe, which was installed above ~96 mbsf due to hole
instability (e.g., Jaeger et al., 2014); our correction consisted of a set of static shifts,
for the first 95 m up to 25% (12% from 85 – 95 mbsf), and bottom 30 m of the site
compilation up to 10%. Because total penetration at U1421 was shallow (~700 mbsf)
and did not sample Vp exceeding ~ 2.5 km/s, we included velocity-porosity and
gamma-ray data from industry well Y-0211 (e.g. Van Avendonk et al., 2013) to
supplement our data and inform higher velocity predictions with local data from a
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relatively undeformed section from outside of the wedge. For the vsh of well Y-0211
we first calibrated the Y-0211 gamma ray values by a static shift (+10.3 API) such
that the responses in the 500-650 mbsf range were matched with mean values from
the U1421 gamma ray log in the same depth range. This two-site Vp-Φ-vsh
compilation served as the basis of our Vp-Φ relationship.
In order to capture shallow velocity-porosity variations we interpolated sample
values from the Vp-Φ-vsh compilation in a fashion weighted towards the upper
sediments. We interpolated 87 sample value triplets from the data compilation with
an average spacing of 61 m, in the upper 20 m we sampled every 1 m, from 20 – 80
m we sampled every 5 m; to avoid influence near the drill pipe we did not sample
from 80-120 m, between 120-700 m we interpolated sample values every 20 m, and
below 700 m we sampled every 200 m. We performed least-squares fitting twice, the
first iteration used vsh values calculated from natural gamma-ray log measurements
for U-1421 and Y-0211, and solved for all of the parameters including the critical
porosity. In the second iteration (Fig. 3.3), we held the critical porosity fixed at the
least-squares value and solved for the other parameters (Table 2.1). In this way we
increased the use of core-log data in our fitting approach. For velocity-porosity
transformation our models, we limited porosity predictions to 62% based on data
porosity values near the sea floor (Moisture and Density samples (MAD) of Daigle
and Piña, 2016; Daigle et al., 2017).
Overpressure estimation
We follow the methods of Daigle et al. (2017) for site U1421 to estimate
apparent overpressure (P*) across STEEP lines 07B, 015, and 09. Consolidation
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tests from IODP 341 sites U1420 and U1421 showed a range of sediment
compressibilities (Daigle et al., 2017). We used the upper and lower limits of the
compressibility values to define a high-compressibility and low-compressibility trend,
to estimate the porosity which should exist under hydrostatic conditions for each of
the STEEP lines. Where our porosity models show higher than expected porosity
compared to these curves, we assume that fluid pressure in excess of hydrostatic
(i.e., overpressure) is preventing compaction (e.g., Berhman et al., 2006; Rubey and
Hubert, 1959). In order to calculate the apparent overpressure (P*), we
approximated the difference in vertical effective stress for the hydrostatic and in-situ
porosity models as:
P* = σ’vh - σ’v

eq. (3)

where the vertical effective stress (σ’vh) at z depth below the sea floor is,
σ’vh(z) =

1

𝜙 𝜁

𝜌𝑔

𝜌𝑤 𝑑𝜁

eq. (4)

and where g is gravity’s acceleration, ρg (2,890 kg m-3) and ρw (1,024 kg m-3) are
sediment and porewater density respectively, and ζ is the variable of integration
(after Daigle et al., 2017). The in-situ vertical effective stress was calculated using
porosity values from our velocity-porosity relationship and the three velocity models
for the STEEP lines. To estimate vertical effective stress under hydrostatic
conditions for the STEEP lines, we first used properties from consolidation tests of
U1420 and U1421 samples (CRS-C tests, Daigle et al., 2017) to estimate the
expected hydrostatic porosity (Φh) under the high-compressibility and lowcompressibility cases of Daigle et al., (2017). We applied the calculation as follows:
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Φh

/

,

eq. (5)

where Φ0 = 0.81, 0.69, for A = 0.79, 0.49 at σ' v0 = 1 kPa for the high- and lowcompressibility cases respectively. Finally, we used Φh for each case to calculate the
vertical effective stress after eq. (4), and the P* after eq. (3). We present these
results in several ways including plots of overpressure magnitude (P*) for the highand low- compressibility scenarios, ratios of pore pressure (PP) relative to
overburden (total vertical stress, or lithostatic stress -- calculated using our velocitymodel based porosity distributions) (PP/OVB, after λ in Saffer and Bekins, 2006),
overpressure relative to overburden (P*/OVB), overpressure relative to hydrostatic
pressure (P*/Hyd. Pres.), and the overpressure ratio, λ*, (overpressure / (lithostatic
stress – hydrostatic pressure)) ((P*)/(OVB – Hyd. Pres)) (e.g. after Flemings et al.,
2008; Llopart et al., 2018).

Results
Seismic velocity structure
One of the main products of this study is shallow Vp models for seismic lines
STEEP 07B, 015, and 09 (Fig. 3.3). Models are masked by the derivative weighted
sum of velocity (DWSV) which serves as a relative measure of ray coverage
(Toomey and Foulger, 1989). In Table 2.2, we present typical fit statistics of the
inversion including RMS, 2, number of picks, and grid size. The RMS error was near
the nominal 25 ms pick uncertainty, and is nearly normally distributed after all
iterations however there is somewhat larger error near the model edges (Fig. S.
3.1). Generally, the model resolution can be estimated by mapping a synthetic
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feature throughout the model and the percent resolvability is determined by the ratio
of the overlap between the feature determined on the inverse grid and the original
feature area (e.g., Zelt, 1999). The resolution matrix test for VMtomo (e.g. Van
Avendonk et al., 2004) is resource intensive for our inversion parameters; we tested
the resolution of a larger ellipse using a reduced inversion grid (Fig. S. 3.1). A
resolution map of a larger ellipse produced from a reduced grid should correlate well
with a resolution map of a similar, smaller-scale ellipse resolved from the original
grid resolution. We used 1/8 the original inversion grid resolution and an 8x larger
ellipse to approximate the resolvability of a smaller ellipse at full resolution. In our
least well-resolved model, STEEP07B, this methodology suggests that we have
good resolution (at least 50%) of velocity-perturbation (~0.3 km/s) objects at least 1
x 0.125 km within areas not covered by our mask.
The velocity models reveal regional variations in velocity from ~1.6 km/s on
the slope to ~2.8 km/s at greater depth (Fig. 3.4). STEEP07B crosses the Bering
Trough mouth on the mid-upper slope and is characterized by gently mounded
topography where the lowest velocity (~1.6 km/s) is coincident with the apex of the
mound. STEEP015 crosses the Bering Trough and has its lowest velocity sediments
(~2.1 km/s) on the west side of the trough. Velocity variations have moderate
undulations at mid-depth levels of the west side of the model and are somewhat less
variable to the east. The highest velocity on this profile (~2.9 km/s) is sampled near
the center of the model at about 1.3 km depth. STEEP09 extends from the shelf to
upper slope and is characterized by a package of low velocity sediments (~1.9 – 2.1
km/s) that lie near the shelf edge and on the upper slope.
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Porosity models
We used our velocity-porosity relationship to transform the velocity models to
porosity estimates (Fig. 3.5). The fitting results for the velocity-porosity relationship
are in Table 2.2. The highest porosity sediments are predicted in the upper ~150 m
of STEEP07B on the slope near the Bering Trough mouth, with porosity up to ~55%.
Across the Bering Trough, high-porosity sediments were probed by STEEP015 in
the upper ~125 m, especially near the western trough edge. For STEEP09 the upper
~500 m near the shelf edge is also characterized by porosity greater than ~0.35; on
the upper slope the high porosity sediments thin to ~275 m of thickness. We also
created porosity models based on consolidation tests for IODP Expedition 341 sites
U-1420 and U-1421 (Daigle et al., 2016), which allowed us to estimate the porosity
that should exist if fluid pressure was hydrostatic in the near-surface for the two
compressibility scenarios (Fig. 3.6). The slope and shelf-slope profiles STEEP07B
and STEEP09 showed porosity distributions more tapered towards higher porosities
than the hydrostatic predictions apparent in the histograms while the trough model
had a distribution with the highest relative proportion of lower porosity (e.g., Φ < ~
0.3) sediments.
Apparent overpressure models
We used the hydrostatic pressure-based high and low-compressibility
porosity estimates, and our velocity model-based porosity estimates to calculate the
vertical effective stress for each case using eq (4), and the apparent overpressure
by taking the difference after eq (3) (e.g. Daigle et al., 2017). Our apparent
overpressure predictions (Fig. 3.7) are somewhat lower than previous IODP
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Expedition 341 site U1421 overpressure modeling results which predict
overpressure ~2-5 MPa at 500 mbsf (Daigle et al., 2017), while we predict ~2-3 MPa
overpressure there based on our STEEP09 and STEEP07B results nearby. The high
and low-compressibility cases highlight different patterns of overpressure; generally
the high-compressibility case results in a relatively strong, mostly depth-dependent
overpressure gradient, while the low-compressibility case results in more isolated
zones of overpressure with lateral variations. Across the slope on line STEEP07B,
we predict the highest overpressure ~1-3 MPa (low- and high-compressibility cases,
respectively) near the Bering Trough mouth. The low-compressibility model shows
several overpressure zones, one near the trough mouth slightly to the east of the
topographic apex of the fan centered at ~25 km model distance and 1.5 kmbsl, and
several smaller peak zones of overpressure farther west on the slope. STEEP015
shows an overpressure gradient dominated by depth for the high-compressibility
model, while the low compressibility model predicts nearly normally pressured
sediments throughout the section. The shelf-edge section STEEP09 shows a strong
overpressure gradient with depth (note ~3 MPa at 1.5 km depth, ~2 kPa/m near
model distance 18 km) in the high-compressibility case while the low-compressibility
scenario predicts an isolated two-lobe overpressure zone on the slope instead of a
simple depth-dominated gradient. In the upper ~200 m of sediments above these
overpressure zones the overpressure gradient approaches 7 kPa/m in the low
compressibility model but the gradient of the lower 1 km of the model is ~0.2 kPa/m.
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Interpretation & Discussion
Velocity-Porosity-P* distribution
To aid our interpretation, we created overlays between our models, which
were transformed to the time domain, and then projected onto STEEP processed
reflection seismic (e.g., Worthington et al., 2010) based on seafloor matching for
each of the three lines in the time domain (Figs. 3.8-3.10). These overlays enable us
to associate structures and seismic facies visible in the processed seismic profiles
with velocity-porosity, and apparent overpressure variations from our models.
The importance of the stratigraphic framework, including facies distribution,
sequence boundaries, and erosional features, is most dramatic in the slope section
near the Bering Trough mouth. STEEP07B crosses the trough mouth fan on the
upper slope, (Fig. 3.8) and the upper section (~100 ms TWTT) shows high
amplitude reflectors and possible buried channels characterized by low velocity, high
porosity sediments. Below this thin upper layer is a variable thickness, low velocity,
high porosity sediment package with greatest thickness (~350 ms TWTT) near CDP
1,000 which is bound below by the prominent erosional surface near the middle
depths of the section and a strong velocity-porosity gradient. Between CDP 15003700 we observe a semi-transparent seismic facies of ~300 ms TWTT thickness just
above the erosional surface near the middle depths of the section. The lowermost
sediment package is characterized by moderate velocity sediments (2.75 km/s) with
relatively low porosity values (~ 0.22). The high- and low-compressibility P*
calculations reveal overpressures of ~1-3 MPa associated with the sediment lens
near the 1500-3700 CDP package and lowermost sediment package. The strong
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velocity-porosity and overpressure gradients located near erosional surfaces, for
both the high- and low-compressibility P* scenarios, throughout this section
suggests limited fluid communication between sediment packages across these
boundaries, it is likely that the lower erosional surface probably serves as a seal
between the upper packages and the lowermost imaged layers. The pore pressure
to overburden ratio (Fig. 3.8F) and P* to overburden ratio (Fig. S. 3.2) were
calculated to reveal the relative importance of overpressure throughout the model for
the high- and low-compressibility scenarios. The thin upper layer of sediments has a
pore pressure to overburden ratio of ~0.9 which suggests a high level of fluid
support, and the upper ~500 m of the section has a ratio ~0.6 or greater. Near the
topographic apex of the section (model distance ~26 km) the overpressure at ~300
mbsl is ~7-13% of the overburden according to the high- and low-compressibility
scenarios. There appears to be a background P* ~5-7% relative to overburden of for
this whole section on the slope with the peak P* ratio as described occurring
coincident with the isolated sediment package on the eastern half of the profile.
Locally, at least, we interpret the trend of high λ values (PP/OVB) in the upper
sediments of the slope and Bering Trough mouth fan suggest a supercritical state for
a wide range of taper angles, permeability states, volumes of incoming sediments
and convergence rates (e.g. Saffer and Bekins, 2002, 2006), many of which are
parameters that are poorly constrained and highly variable in the modern wedge
configuration.
The overlays of STEEP015 (Fig. 3.9) in the Bering Trough reveal that lowvelocity, high-porosity zones exist mostly above the glacial erosional surfaces
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previously interpreted by Worthington et al. (2010, 2018) and also associated with
fault and fold structures on the west side of the trough. The high-compressibility P*
scenario predicts low overpressures in the trough relative to the other sections, with
P* reaching a maximum of ~1 MPa near the base of the model. The lowcompressibility P* scenario predicts nearly normally pressured sediments for the
whole section. Overpressure in the high-compressibility P* model is predicted below
the sediments filling the trough, where an erosional unconformity seems to control
the upper limit of the overpressure. Again, the P* to overburden ratio (Fig. 3.9F), and
λ (PP/OVB), and other ratios (Fig. S. 3.3) were calculated to reveal the relative
magnitude of overpressure throughout the model for the high- and lowcompressibility scenarios. We think that overpressure in the trough formed as a
combination of high sedimentation rates, associated with a background P* of ~3.5%
(e.g. high-compressibility P*/OVB ratio) evident in the seismically semi-transparent
layer at mid-depths of the model just below the erosional surface, and structural
interaction associated with P*/OVB up to ~5% near individual features. The high λ
(PP/OVB) shows that the upper sediments within the trough, and above the main
erosional surface that continues across the profile at ~200 ms TWTT, are
characterized by a high level of fluid support and the lower sediment packages are
probably relatively more matrix supported with λ ~0.5 in the lower section.
In the shallow sediments of the trough-slope probed by STEEP09 (Fig. 3.10),
the overlays reveal that low-velocity (~1.8 – 2.1 km/s), high porosity (~0.35 – 0.45)
sediments dominate the upper section in general. In the northern third of the section,
the low-velocity high porosity sediments appear to be focused above the erosional
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unconformity ~250 ms from the seismic seafloor, which cross-cuts an earlier but
similar sediment package that thins towards the slope. These sediments are
associated with high porosity and have been described as a seismic facies which
represent accumulation of sediment by slump, slide, and debris flow processes
(Montelli et al., 2017); these sediments probably accumulated rapidly. Porosity
decreases rapidly across the erosional surface defined by upper terminations
against the prominent reflectors near ~1300 ms TWTT on the slope.
STEEP09 results reveal an apparent spatial relationship between
overpressure and structural-stratigraphic elements on the shelf-slope. An
overpressure zone exists near the shelf edge ~0.8 - 0.9 s TWTT in the lowcompressibility P* model and near the base of the model in the high-compressibility
P* model, where the predicted overpressure represents a ~1-3 MPa increase in pore
pressure versus hydrostatic conditions respectively. The overpressure zone is
located in sediments just above an apparently extant thrust structure (Worthington et
al., 2010) and very near the main unconformity which appears to control the porosity
decrease in the lowermost sediment package imaged in our analysis. These
overpressured sediments have accumulated rapidly indicated by convex-up, steep,
seaward-dipping reflectors in the processed seismic reflection profile, which
represent shelf aggradation and progradation. Alternatively, the overpressure here
could represent deeper fluid communication along the fault-fracture network.
Overpressure should enhance thrust faulting in this regime (e.g. Worthington
et al., 2018) but we observe little deformation in the upper sediment package. The
low-compressibility P* model predicts an isolated zone of overpressure on the slope;
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here the reflectors appear slightly folded possibly due to downslope sedimentary
processes and structural interaction near the Pamplona Zone deformation front. The
high-compressibility model predicts a simpler but stronger depth-overpressure
gradient, and is most consistent with formation due to rapid deposition. Although the
overpressure is greatest in magnitude near the sediments at the base of the model
the overpressure here represents a small value relative to the overburden, while in
the upper sediment package the lower values of overpressure reach up to ~13% of
the overburden (Fig. S. 3.4). Because the upper section has a relatively high P*
value normalized to overburden, the sediments should be weak and the fact that the
thrust fault does not penetrate these layers is best explained by hydraulic separation
of the upper and lower packages as proposed by Worthington et al., 2018. We note
a previously identified, recent mass movement (Carlson et al., 1975) apparent in
STEEP09 affecting the upper ~100 ms TWTT from the seafloor on a slope of ~5-8
degrees near the slope edge. The overpressure to hydrostatic pressure ratio, and λ*
(overpressure ratio) both show decreases near the mass movement structure. On
the slope, the weakness of the sediments is probably expressed as an enhancement
of downslope processes, and the thickness of sediments with high pore pressure to
overburden ratios (i.e. λ > ~0.7) is ~300-600 m near the downslope end of the
model.
Regional significance
In the Bering Trough region, overpressure is an important factor related to
fault activity and rapid sedimentation (Daigle et al., 2017; Worthington et al., 2018).
There are a few major overpressure signatures in the Bering Trough area. In general
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there is a high overpressure gradient with depth, but there are also P* signatures
associated with the TMF and specific sediment packages on the slope and near the
shelf edge. The trend in our low-compressibility P* slope model (STEEP07B) near
the Bering Trough mouth shows a peak at ~500 mbsf that is probably due to the
burial of mud-dominated interglacial sediments similar to IODP core sample 341U1421A 73X (Fig. 3.11) (Jaeger et al., 2014). This trend correlates best with
accumulation since the mid-Pleistocene or later (~0.7 - 0.13 Ma) (Montelli et al.,
2017) but sediments which accumulated earlier are also likely overpressured
(Worthington et al., 2018). The upper sediments in the Gulf of Alaska have a shear
strength more similar to the Gulf of Mexico rather than other active margins and the
weakening effect of overpressure seems to be strong enough to overcome seismic
strengthening and are prone to mass movement (e.g. Sawyer et al., 2017) which is
both a factor in shaping and reshaping the shelf-slope, and a mechanism which may
contribute to achieving mass balance.
On the slope edge, STEEP09 illustrates the importance of hydraulic
separation in the regional development of the shelf-slope. If the upper sediment
packages interacted with the nearby fault in fluid communication, it would promote
fault slip because the excess pore pressure acts against the walls of the fault (e.g.
Daigle et al., 2017; Worthington et al., 2018). Instead, we observe an upper section
dominated by downslope movement, glacial features, and sedimentary structures.
Fault growth strata analysis indicate that faults in the west-central part of the Bering
Trough became inactive after rapid deposition on the Pamplona Zone wedge-top
and trough mouth fan (Worthington et al., 2010, 2018), while stress modeling
117

suggests that the increased normal stress of loading competes with increased
overpressure to determine slip ability of low angle faults based on different
coefficients of friction (Worthington et al., 2018). The patterns we observe in the
velocity, porosity, P* models, and seismic overlays support an interpretation that
significant overpressure may be regional in extent and affect strain development in
other parts of the Pamplona Zone and offshore St. Elias orogenic wedge.
Collectively, glacial erosion, mass failure, and sedimentation have created
and filled accommodation space in the Bering Trough and near the toe of the slope.
The large-scale modern topographic surface represents part of the upper surface of
a wedge in transition to equilibrium with changes to the stress state. The Pamplona
Zone may be seeking reorganization in response to long-term mass redistribution
related to the increased denudation of the St. Elias Orogen since early glaciation
(e.g., since ~2.6 Ma Enkelmann et al., 2015), where deposition offshore essentially
blanketed the Pamplona Zone (Berger et al., 2008a), or in response to the recent
negative mass flux balance from the orogen since ~1.2 – 0.7 Ma (Gulick et al.,
2015), or at a smaller spatial scale in response to rapid mass redistribution (e.g.,
focused deposition on the wedge top and trough mouth fan) on the order of the last
few glacial cycles (Montelli et al., 2017; Worthington et al., 2018). The west side of
the wedge is more dominated by the Transition Fault near the shelf-edge and
profiles are most similar to the sediment starved shelf-slope between the Alsek and
Yakutat Sea Valleys, while the east side of the Pamplona Zone deformation front is
on the shallow portion of the shelf dominated by the Yakutat Microplate, and profiles
are more similar to the shelf-slope northwest of the Yakutat Sea Valley (e.g., zone A
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of Swartz et al., 2015). The Bering Trough general topographic profile (Fig. 3.12) is
most similar to the regional average near the Yakutat Sea Valley (e.g., zone B of
Swartz et al., 2015) but the slope appears oversteepened relative to the east side of
the wedge. However, because of the thick-thinned skinned tectonic transition from
the west, spatially variable sedimentation and erosion, lag times of climate-tectonic
response, and overall geometry of the wedge relative to the shelf break, it is difficult
to quantify changes in wedge geometric properties due to overpressure.
Shallow overpressure probably contributes to the overall geographic widening
of part of the wedge as predicted in models of deforming wedges under syntectonic
sedimentation (e.g., Fillon et al., 2013; Simpson, 2010; Storti and McClay, 1995),
partly by promoting local instability (e.g., mass movement) and aiding shelf
progradation which also has the net effect of lowering the overall taper angle if the
frontal thrusts remain active. Sediment transport distance can be increased in the
submarine realm due to increasing fluidization during downslope movement and
partial hydroplaning of mass movements resulting in increased runout distance of
individual flows (e.g. Elverhøi et al 2002); where sediment accumulation has been
rapid enough to build significant shallow overpressure (e.g., Behrmann et al., 2006),
mass movements are more frequent and probably more significant to the overall
shelf-slope development and mass balance. In addition, filling the local
accommodation space in the Bering Trough allowed glacial activity to occur farther
offshore and provided a source of sediment for slope progradation (Montelli et al.,
2017). For example, during the last glacial maximum ~26.5-19 ka, ice-contact deltas
on the shelf trapped sand forming morainal banks which allowed the tidewater
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glacial cycle to occur farther on the open shelf and delayed retreat of the outlet
glacier (Cowan et al., 2020). Such a process would effectively increase
sedimentation overall due to the increased ice-residence time, and concentrate finer
textured sediment near the shelf edge and on the slope. Weak sediment sourced
from the trough by the repeated advance and retreat of the Bering Glacier was likely
evacuated very efficiently by ice-sheet related processes resulting in the prominent
erosional surfaces visible in the STEEP sections presented here, this may represent
an example of a mechanism where the rate of mass redistribution is increased near
the shelf-edge in glaciated margins with high sedimentation rates and probably is a
means by which critical taper wedges attain or maintain equilibrium in these settings.

Conclusions
In this study we produced velocity, porosity, and overpressure models for
three STEEP seismic profiles across the Bering Trough region of the Pamplona
Zone. We interpreted the overpressure distribution with respect to glacial-tectonic
processes and wedge properties and make the following conclusions:
1. Velocity variations across the shelf-slope can be explained by overpressure up to
18% greater than hydrostatic pore pressure near the Bering Trough mouth and an
overpressure-depth gradient which should generally promote faulting. Variations in
the fluid pressure regime can modify the local strain pattern notably by enhancing
mass movement processes and in some cases controlling frictional fault sliding. We
think that this has affected the shelf-slope geometry in particular by feedback among
decreased shear strength due to overpressure and rapid sedimentation, increased
mass movements, slope oversteepening, and ice-stream location. This feedback
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affects both accommodation space and the stress state and the cooperation of these
phenomena may represent a mechanism by which wedge reorganization can occur
rapidly.
2. Within the trough, overpressure is related to loading and structural interaction.
The distribution of sediments and fault activity in the Bering Trough region is an
example of sensitive climate-tectonic feedback where sediment accumulation in the
offshore fold-thrust belt is linked to modulation of fault activity controlled by rapid
mass redistribution. Loading has two competing effects here and shallow fault
activity can be determined by differences in the resulting stress state, fault geometry,
and sedimentary structure. The local overpressure gradients we have predicted
extend the results of previous borehole models which suggest that the upper glacial
package is not in fluid communication with the lower faulted structures. Porosity
variations across the glacial erosional surfaces and differences in permeability
between the interbedded glacial-interglacial sediments probably enhance and
sustain the effects of shallow overpressure by limiting fluid migration.
3. The apparent structural reorganization and shelf progradation during the
Quaternary evolution of the Bering Trough area indicate that the combined effects
of, and feedback among these processes, including overpressure generation, fault
activity, and climate-driven mass redistribution, influence overall wedge morphology
as expected on the Myr timescale but the overpressure distribution we predict
suggests that specific structures may have a much more rapid response time than
the overall wedge on the order of 100s of kyrs or less in the GoA. The high levels of
λ (PP/OVB), in particular near the shelf-edge and upper slope deposits, suggest that
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this is a supercritical wedge seeking equilibrium to long term mass redistribution by
lowering the overall taper angle of the large-scale wedge system aided by rapid shelf
progradation and structural interaction.
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Figures

Figure 3.1.
Location map, Gulf
of Alaska. Elevation
and bathymetry
from Alaska
Coastal Relief
Model (Lim et al.,
2011). Red area of
inset shows
location of larger
map. Modern ice
cover (GLIMS,
Raup et al., 2007),
shown as blue tint.
Last glacial
maximum, and
maximum glacial
extent (LGM, MGL
respectively) shown
as white, blue lines
(Kaufman and
Manley, 2004).
Yakutat microplate
after Eberhart-
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Figure 3.2. IODP Data for Vp Relationship. A. Vp fitted curve from (Clary et al.,
2017). B. Porosity, from IODP Exp. 341 samples (Daigle et al., 2017) C. Natural
gamma ray log D. Shale fraction, red points calculated from resampled gamma ray
log, green line shows shale fraction trend after correction and interpolation at depth
locations described in the text for the upper 700 m of the compilation.
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Figure 3.3. Vp-Porosity fitting. Orange asterisks show interpolated samples as
described in the text used for fitting velocity-porosity relationship. Orange line shows
final velocity-porosity relationship.
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STEEP07B

STEEP015

STEEP09

Figure 3.4. Vp models for STEEP 07B, 015, 09 (top, middle, bottom respectively).
Location map shows STEEP shot and tail positions for the ranges in this study.
Elevation (GMRT, Ryan et al., 2009).
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STEEP07B

STEEP015

STEEP09

Figure 3.5. Porosity models for STEEP 07B, 015, 09 (top, middle, bottom
respectively). Location map shows STEEP shot and tail positions for the ranges in
this study. Elevation (GMRT, Ryan et al., 2009).
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Figure 3.6. Porosity model distribution histograms A. STEEP 07B, B. 015, C. 09.
Green histograms show results from our velocity models. Orange and yellow
histograms are from the high-compressibility and low-compressibility models
respectively.
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Figure 3.7. P* models for A. STEEP07B, B. 015, C. 09

136

Figure 3.8. Seismic overlays for STEEP07B. A. Velocity. B. Porosity. C. P* from the
low-compressibility scenario. D. P* from the high-compressibility scenario. E.
Shaded seismic. F. Apparent overpressure relative to overburden.

137

Figure 3.9. Seismic overlays for STEEP015. A. Velocity. B. Porosity. C. P* from the
low-compressibility scenario. D. P* from the high-compressibility scenario. E.
Shaded seismic. F. Apparent overpressure relative to overburden.
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Figure 3.10. Seismic overlays for STEEP09. A. Velocity. B. Porosity. C. P* from the
low-compressibility scenario. D. P* from the high-compressibility scenario. E.
Shaded seismic. F. Apparent overpressure relative to overburden.
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HIcc
LOcc

Figure 3.11. A. Overpressure and stress ratio profile data extracted near U1421 from
STEEP07B. B. Core images. Colors of graphic lithology match label of images.
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Figure 3.12.
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Figure 3.12. (Prev. Page) A. Swath-style profile (10 km radius around yellow line in
B, points are elevations (Ryan et al., 2009), grey and black lines are upper and lower
topographic trends) and generalized schematic across Central St. Elias Orogen to
Pamplona Zone deformation front. B. Location of swath profile and seismic lines. C.
IODP site U1421 on nearby seismic GOA2503, and age model (Montelli et al., 2017;
Jaeger et al, 2014). BBF Bagley-Bering Fault. CSEF Chugach-St. Elias Fault. PZDF
Pamplona Zone deformation front. SF Sullivan Fault. TF Transition Fault. YFTB
Yakataga Fold-and-Thrust Belt.

Table 3.1. Fitting results. vsh was determined by the mean of the corrected Vsh as
described in the text. Φc was determined during the initial fit, and was held fixed for
the second fit.

Iterations X cells (m) Y cells (m) Ray (m) Picks (ms) Uncert. (ms) RMS Err (ms)
8
50
10
25
4958
25
25.5
STEEP07B
7
50
10
25
18591
25
25.2
STEEP015
8
50
10
25
23565
25
27.6
STEEP09



2

1.001
0.903
1.004

Table 3.2. Velocity model summary statistics.

Figure S. 3.1. (Next Page) Model error and resolution test approximation. A-C.
Traveltime residual histograms (TTresid) (STEEP07B, 015, and 09). D-F. Traveltime
residual plots in model space. G. Resolution test approximation. H. Rays plotted at
~10% of actual data density.
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Figure S. 3.1.
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Figure S. 3.2. Stress ratios STEEP07B. A. λ, pore pressure relative to overburden.
B. P* relative to overburden. C. P* relative to predicted hydrostatic pressure. D.
λ*,ratio of (PP-Hyd. Pres.)/(OVB-Hyd. Pres.). HIcc is a result using the highcompressibility sediment scenario, and LOcc is a result using the low-compressibility
sediment scenario.
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Figure S. 3.3. Stress ratios STEEP015. A. λ, pore pressure relative to overburden.
B. P* relative to overburden. C. P* relative to predicted hydrostatic pressure. D.
λ*,ratio of (PP-Hyd. Pres.)/(OVB-Hyd. Pres.). HIcc is a result using the highcompressibility sediment scenario, and LOcc is a result using the low-compressibility
sediment scenario.
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Figure S. 3.4. Stress ratios STEEP09. A. λ, pore pressure relative to overburden. B.
P* relative to overburden. C. P* relative to predicted hydrostatic pressure. D. λ*,ratio
of (PP-Hyd. Pres.)/(OVB-Hyd. Pres.). HIcc is a result using the high-compressibility
sediment scenario, and LOcc is a result using the low-compressibility sediment
scenario.
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